




This report was prepared as an account of Government sponsored 
work. Neither the United States, nor the National Aeronautics and 
Space Administration (NASA), nor any person acting on behalf of 
NASA: 
A.) Makes any warranty or representation, expressed or implied, 
with respect to the accuracy, completeness, or usefulness of 
the information contained in this report, or that the use of any 
information, apparatus, method, or process disclosed in this 
report may not infringe privately owned rights; or 
8.) Assumes any liabilities with respect to the use of, or for 
damages resulting from the use of any information, apparatus, 
method or process disclosed in this report. 
As used above, "person acting on behalf of NASA" includes any 
employee or contractor of NASA, or employee of such contractor, to 
the extent that such employee or contractor of NASA, or employee of 
such contractor prepares, disseminates, or provides access to any 
information pursuant to his employment or contract with NASA, or his 
employment with such contractor. 
Requests for copies of this report should be referred to 
National Aeronautics and Space Administration 
Scientific and Technical Information Facility 
P. 0. Box 33 




PRODUCTION OF OXIDE FIBERS BY A FLOATING ZONE 
FIBER DRAWING TECHNIQUE 
J. S. Haggerty and W. P. Menashi 
ARTHUR D e  LITTLE, I N C .  
15  Acorn Park 
Cambridge Massachusetts 02140 
prepared f o r  
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
February 1971 
CONTRACT NAS 3-13479 
NASA Lewis Research Center 
Cleveland, Ohio 44135 
L.  Wes t f a l l ,  P r o j e c t  Manager 





11, INTRODUCTION - STATEMENT OF WORK AND GOALS 
OF PROGRAM 
111, DESIGN AND ANALYSES 
A. Zone Shape and Stability 
1. Zone Shape 
2 .  Zone Stability 
B. Selection of Heating Methods 
1. Selection Criteria 
2 .  Techniques Investigated 
3. Comparisons of Heating Methods 
c e  Infrared Heating -- Thermal Design Analysis 
1. The Simplified Model for Analysis 
2 .  Heater Powder and Temperature Requirements 
a. Graphite Heater 
b. Tungsten Heater 
3. Temperature Distribution in Feed Rod 
4 .  Effects of Clearance Between Heater and 
Feed Rod 
5 .  
6 .  Effect of Feed Rod and Heater Size 
Temperature Distribution in Molten Zone 
D. Fiber Growth Apparatus 
1. RF Heated - IR Sources; Modified MP Furnace 
2 .  CO Laser Heat Source 
3. Resistance Heated - IR Source; Fiber Gro 
2 






1 2  
17 
















Arthur I> I - i t t l e  Inc 
IV, SUMMARY OF FIBER GROWTH EXPERIMENTS 
V, RESULTS AND DISCUSSION OF FIBER GROWTH AND 
EVALUATION PROGRAM 
A. Thermal Analysis 
B, Fiber Morphology and Microstructural Features 
1. Shape and Dimensional Uniformity 
2. Surface Characteristics 
3 .  Porosity 
C. X-ray Characterization of Fibers 
D. Tensile Testing 
1. Testing Technique 
2. 
3. 
Results of Room Temperature Tensile Testing 
Results of Elevated Temperature Tensile 
Testing 
VI. s OF RESULTS 
ACKNOWLEDGMENTS 
RE FEREEJCE S 
Page 





























Def in i t i on  of t he  v a r i a b l e s  used i n  t h e  equat ion f o r  
t he  equi l ibr ium of the  f l o a t i n g  zone. 
An i l l u s t r a t i o n  of t he  v a r i a b l e s  used t o  analyze the  
e f f e c t  of a pe r tu rba t ion  i n  t h e  zone's volume on the  
diameter of t he  f i b e r  
Equilibrium zone shapes 
Schematic r ep resen ta t ions  of zone energy (E) as a 
func t ion  of a pe r tu rba t ion  (u) from t h e  equi l ibr ium 
shape. 
Zone s t a b i l i t y  as a func t ion  of zone he ight  f o r  
va r ious  a t t e n u a t i o n  r a t i o s .  
Def in i t i on  of parameters used i n  thermal analyses .  
Temperature d i s t r i b u t i o n  along t h e  feed rod and f i b e r .  
Arthur D. L i t t l e  MP Crys ta l  Growing Furnace. 
I R  h e a t e r  used f o r  prel iminary A1203 growth runs.  
Modified I R  h e a t e r  used f o r  prel iminary A1203 
growth runs.  
CO 
Schematic of laser o p t i c a l  system. 
laser heated f i b e r  growth apparatus .  2 
13, Schematic drawing - f l o a t i n g  zone f i b e r  drawing 
mechanism, 
14. Photograph of f i b e r  growth apparatus ,  20kw power 
supply and con t ro l s  
15, Py ro ly t i c  g raph i t e  hea te r  showing dimension. 
16. 
17 .  F iber  23 showing s t r i a t i o n  boundaries and pores  
Photograph of f i b e r  growing wi th  incandescent hea te r .  




















Arthur D Little, Inc. 
18. Fiber 23 showing cellula network of striation 
boundaries. Front illumination - $Ox. 
19. Fiber 23 attached to solidified zone showing 




20. Fiber 1-h showing concentration of pores in regular 
planes. Front illumination - 137xe 68 
21. Fiber 1-h showing extreme example of surface 
texture - 32x. 70 
2 2 .  Fiber 1-j showing random distribution of pores. 
Front illumination - 137x, 71 
2 3 .  Fibers 48 and 49 showing highly transparent, pore-free 
sections, Front illumination - 137x. 7 3  
2 4 .  Results of high temperature tensile tests. 75 









COMPARISON OF HEATING METHODS 
EMITTANCE OF ALUMINUM OXIDE AT DIFFERENT 
TEMPERATURES 
SUMMARY OF FIBER GROWTH RUNS 
SUMMARY OF FEED ROD CHEMICAL ANALYSIS 
( X  by weight) 
ESTIMATED POWER REQUIREMENTS FOR C02 LASER HEATING 
FIBER DIMENSIONS 










Arthur D Little, Inc. 
I. STJMXARY 
A process  w a s  developed t o  produce oxide f i l m s  with diameters be- 
tween 0.002 t o  0.015 inches  (0.005 t o  0.038 cm) f o r  f i b e r  reinforcement 
of metals s u b j e c t  t o  long-term e l eva ted  temperature service. S ing le  
c r y s t a l  A1203 f i b e r s  i n  t h i s  diameter range were grown by. a h i g h l y  
a t t e n u a t e d  f l o a t i n g  zone process .  
De ta i l ed  h e a t  t r a n s f e r  and zone shape analyses  were made p r i o r  t o  
i n i t i a t i o n  of f i b e r  growth runs e 
The dimensional l i m i t s  f o r  abso lu t e  and meta-stable molten zones 
between d i f f e r e n t  s i z e  s o l i d  rods were analyzed f o r  t h e  f irst  t i m e .  The 
process  w a s  shown t o  have many at t ract ive f e a t u r e s .  
could b e  achieved w i t h  thermally r e a l i z a b l e  dimensions and with high 
a t t e n u a t i o n .  Dimensional uniformity w a s  enhanced because t h e  tangent  
a t  the s o l i d i f y i n g  i n t e r f a c e  tended t o  p a r a l l e l  t h e  growth d i r e c t i o n .  
It was  a l s o  shown t h a t  pe r tu rba t ions  from t h e  s teady-state  zone volume 
t end  t o  damp ou t  r a p i d l y  i f  t h e  zone he igh t  remains constant .  
Absolute s t a b i l i t y  
P o s s i b l e  h e a t  sources  were assessed i n  terms of cr i ter ia  t h a t  were 
f e l t  important f o r  t he  f l o a t i n g  zone f i b e r  growth process .  Incandescent 
and C02 laser h e a t  sources  were i d e n t i f i e d  as t h e  b e s t ;  al though each 
had d i f f e r e n t  advantages. 
most amenable t o  m u l t i f i b e r  ope ra t ions .  
p o t e n t i a l  f o r  producing f i b e r s  of high melt ing p o i n t  materials. 
growth experiments were c a r r i e d  out w i th  both types of  h e a t  sources  and 
both h e a t i n g  techniques performed as a n t i c i p a t e d  on t h e  b a s i s  of t h e  
analyses  .I 
Incandescent h e a t e r s  were e a s i l y  modffied and 
The C 0 2  laser had t h e  g r e a t e s t  
F ibe r  
The room temperature and e l e v a t e d  temperature t e n s i l e  s t r e n g t h s  were 
shown t o  b e  h igh ly  s e n s i t i v e  t o  feed rod composition, ambient atmosphere 
and p h y s i c a l  process  condi t ions.  
were c o n s i s t e n t l y  s t r o n g e r  than high-purity A1203 f i b e r s  between 2080 
and 2600'F (1140 and 1430'C). 
F ibe r s  of chromium-doped A1203 (ruby) 
1 
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It is suspected t h a t  t h e  t e n s i l e  s t r e n g t h s ,  which were somewhat 
lower than o t h e r s  reported f o r  s apph i re  s i n g l e  c r y s t a l  f i b e r s ,  were 
l i m i t e d  by s u r f a c e  d e f e c t s  and u n i n t e n t i o n a l l y  induced bending moments 
during t e n s i l e  t e s t i n g .  The e f f e c t  of s u r f a c e  t reatments  on tensi le  
s t r e n g t h s  were n o t  s t u d i e d  i n  t h i s  program. 
2 
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I1 e INTRODUCTION 
The o b j e c t i v e  of t h i s  program has been t o  develop and use a l i q u i d  
phase process  f o r  product ion of oxide f i b e r s  with diameters i n  t h e  range 
of 0.002 t o  0,015 inches (0.005 t o  0.038 c m ) ,  These f i b e r s  are intended 
f o r  f i b e r  reinforcement of metals f o r  long term service a p p l i c a t i o n s  a t  
temperatures from 2000'F (1093°C) t o  250OOF (1371°C). The s p e c i f i c  goals  
of t h e  program were: 
a. The production of oxide f i b e r s  with u l t i m a t e  t e n s i l e  s t r e n g t h s  of 
100,000 p s i  (6.9 x 10 N/m ) o r  above a t  2000°F (f093'C). 
b. Length t o  diameter r a t i o  should exceed 500. Spoolable l e n g t h s  
8 2  
were des i r ed ;  however, a minimum leng th  of one inch (2.54 cm) 
w a s  accep tab le  f o r  small diameters.  
c. The f i b e r s  were t o  have a c r o s s  s e c t i o n a l  area equ iva len t  t o  
t h a t  of a c i r c u l a r  c ros s  s e c t i o n  with diameters ranging from 
0.002 inches (0.015 inches (0.038 cm) and a f i b e r  l eng th  g r e a t e r  
than 1 inch (2.54 cm) e 
d. The f i b e r s  need n o t  be  c i r c u l a r  o r  s i n g l e  c r y s t a l ;  polygonal 
f i b e r  shapes and p o l y c r y s t a l l i n e  f i b e r s  were acceptable .  
The f i b e r s  w e r e  t o  be  s u f f i c i e n t l y  non-fr iable  t o  permit handl ing,  
similar t o  t h a t  i n  molding f ibe r - r e in fo rced  p l a s t i c s .  
e. 
f .  Aluminum oxide w a s  t o  b e  t h e  primary oxide s tud ied  i n  t h i s  program; 
howeverg o t h e r  oxides ,  such as Zr02 and Hf029 were t o  have been 
s t u d i e d  a t  t h e  recommendation of t h e  c o n t r a c t o r  with t h e  approval 
of t he  NASA P r o j e c t  Manager. 
During t h e  12-month per iod t h a t  t h e  c o n t r a c t  w a s  i n  e f f e c t ,  w e  have 
a, analyzed t h e  power requirements t o  produce a molten zone as w e l l  
as t h e  s u i t a b i l i t y  of va r ious  h e a t  sources  f o r  use with oxides ,  
b .  analyzed t h e  shapes and s t a b i l i t y  of t h e  molten zones, 
c, designed and constructed a f i b e r  drawing apparatus  which permit ted 
s a t i s f y i n g  the  goals  of t h e  program, 
d e  produced and evaluated f i b e r s ,  
The following r e p o r t  summarizes the  r e s u l t s  accomplished i n  t h e s e  
i n d i v i d u a l  t a s k s  e 
3 
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111. DESIGN MTD AMALYSES 
A. Zone Shape and S t a b i l i t y  Analysis 
I. Zone Shape 
A s  a f i r s t  s t e p  i n  i n v e s t i g a t i n g  t h e  s t a b i l i t y  of zone shapes,  w e  
have made c a l c u l a t i o n s  f o r  t h e  equ i l ib r ium shapes of molten zones. I n  
o r d e r  t o  do t h i s ,  i t  was f i r s t  d e s i r a b l e  t o  determine t h e  re la t ive magni- 
tudes of t h e  stresses which determine t h e  equ i l ib r ium zone shape, with a 
view t o  s impl i fy ing  t h e  phys ica l  model and hence t h e  mathematical treat- 
ment. 
phenomena which act on t h e  zone area are: 
The order  of magnitude of t h e  stresses produced by va r ious  phys ica l  
3 Surface Tension T = L  4 x 10  dynes cm"2 r 
-2 T = - P  OV lom4 dynes cm R Viscos i ty  
-6 -2 Dynamics T = pv2 = 4 x 10 dynes cm 
Gravity T = pgR = 4 x 10  2 dynes cm -2 
where 
-2 
c m  sec-' assumed) 
T = stress, dyne cm 
v = v e l o c i t y  
-1 y = s u r f a c e  t ens ion  (400 dynes cm assumed) 
r = r ad ius  of zone (0.1 cm assumed) 
R = l eng th  of zone (0.1 cm assumed) 
p = dens i ty  of molten material ( 4  gm cm-3 assumed) 
-2 n = v i s c o s i t y  (10 po i se  assumed) 
g = a c c e l e r a t i o n  of g r a v i t y  (approximately 10 3 c m  sec-2) 
It can be  seen t h a t  viscous and dynamical e f f e c t s  are n e g l i g i b l e ,  t h e  
g r a v i t a t i o n a l  p u l l  has  a marginal i n f luence ,  and s u r f a c e  t ens ion  dominates. 
The equat ion of equi l ibr ium f o r  t h e  s u r f a c e  of the zone can the re fo re  
be  represented by: 
5 
I .L v(-+--) = Po - gpz 
R1 R2 
where R and R are t h e  p r i n c i p a l  r a d i i  of curva ture  of t he  su r face  of 
t h e  zone, and z i s  t h e  v e r t i c a l  coord ina te ,  measured upwards, as shown 
i n  Figure 1, 
t i c a l  purposes,  i t  i s  mote convenient t o  in t roduce  the  a r c  length  s and 
t h e  angle  4 of t h e  s lope  of t he  equi l ibr ium curve as shown i n  Figure 1 
s o  t h a t  
1 2 
The cons tan t  po i s  t h e  p re s su re  a t  the  o r ig in .  For analy- 
and 
- =  dz s i n +  
ds 
- =  dr cos+ 
ds 
Here r is  t h e  r a d i a l  coordinate  as shown i n  Figure 1. 
If g is  set equal  to zero,  Equation 2 s i m p l i f i e s  t o  
4+A=Po 
ds r Y 
(5) 
and it follows from Equations 4 and 5 t h a t  t he  s ape of a zone w i l l  be 
unaf fec ted  by changes i n  t h e  su r face  tens ion  y ( the  i n t e r n a l  pressure  po 
w i l l  change t o  compensate f o r  changes i n  y )  and t h a t  zones of d i f f e r e n t  
scales w i l l  be  similar. The zone shape w i l l  a l s o  be unaffected by the  
dens i ty  of t h e  material o r  t he  growth d i r e c t i o n .  
The fol lowing kinematic a n a l y s i s  of zone behavior was made t o  sub- 
s t a n t i a t e  t h e  assumed boundary condi t ions  f o r  a tendency of t h e  m e l t  sur- 
f a c e  t o  be p a r a l l e l  t o  t he  d i r e c t i o n  of growth a t  t h e  s o l i d i f y i n g  i n t e r f a c e .  






UT D Little, Inc 
f i b e r  speeds,  and t h e  diameter of t h e  feed rod are constant  i n  t h i s  a n a l y s i s .  
The feed  rod and f i b e r  are assumed t o  be  equa l ly  dense. 
Figure 2 shows a f i b e r  being drawn from t h e  molten zone be fo re  t h e  
s t eady  state has  been reached. I n  t h i s  f i g u r e  
rI = r a d i u s  a t  p o i n t  of s o l i d i f i c a t i o n  
rl = r o o t  mean square va lue  of r1 (determined by t h e  r e l a t i v e  
- 
speeds of t h e  f i b e r  and feed rod) 
V = volume of molten zone 
h = he igh t  of t h e  molten zone 
(b 
r 2  = r ad ius  of feed rod 
= angle  of tangent  a t  the top of the molten zone 
The vertical  d i s t a n c e  from an a r b i t r a r y  p o i n t  f i x e d  on t h e  f i b e r  t o  t h e  
p l ane  of s o l i d i f i c a t i o n  is  denoted by r e  
I f  i t  is assumed t h a t  t h e  depa r tu re  of r l  from 71 is  small so  t h a t  
- 
r1 = rl + E 
and Q) i s  near go", t h e  equat ion f o r  the depa r tu re  from the  equ i l ib r ium 
r a d i u s  i s  approximately 
Equation 7 may be  solved (with a s u  
f o r  E t o  g ive  
r c -- 
6 2n5 E = E cos -
0 x 




Interface Feed Rod 
9 
and 
4.rr A A =  
2 A Tl - B 
To i n t e r p r e t  Equation 8, i should b e  noted t h a t  A and B are always 
p o s i t i v e .  Then, i f  A is real ( a s  i t  is i n  t h e  numerical example given 
below), i t  is seen t h a t  t he  e r r o r  i n  r a d i u s ,  E ,  o s c i l l a t e s  about zero with 
decreasing amplitude. I n  case A i s  imaginary, t h e  s o l u t i o n  of Equation 7 
t akes  t h e  form of a sum of two exponent ia ls  of nega t ive  argument. In both 
cases, E goes t o  zero and 4 goes t o  90" as t h e  f i b e r  i s  pul led.  I n  o t h e r  
words, t h e  tangent  t o  t h e  f r e e  s u r f a c e  of t h e  molten zone a t  t h e  f r e e z i n g  
i n t e r f a c e  becomes ver t ica l ,  and t h e  diameter of t h e  f i b e r  sett les down t o  
a cons t an t  value.  
I n  so lv ing  Equations 2 ,  3 ,  4 and 5 on t h e  computer, only those  shapes 
f o r  which 4 = 90" a t  h = 0 (ver t ical  tangent)  were considered. 
shows computed zone shapes f o r  t h e  case where g r a v i t y  is ignored,  i .e . ,  
where Equation 2 i s  replaced by Equation 5. The d i f f e r e n t  zone shapes re- 
s u l t  from assuming d i f f e r e n t  va lues  of t h e  curvature  1 / R 2  ( s ee  Figure a ) ,  
The dashed p a r t s  of t h e  two uppermost zone shapes,  
although phys ica l ly  p o s s i b l e ,  are n o t  of p r a c t i c a l  i n t e r e s t .  As  pointed 
ou t  above f o r  t h e  case of n e g l i g i b l e  g r a v i t y ,  t he  shapes shown i n  Figure 3 
can be  s c a l e d  up o r  down s o  long as t h e  g r a v i t a t i o n a l  stress gpR remains 
small compared with t h e  s u r f a c e  t ens ion  stress y / r .  
Figure 3 
of d+/ds,  a t  h = 0.. 
A vert ical  l i n e  a t  some chosen r ad ius  i n  Figure 3 determines how t h e  
zone shape changes with zone h e i g h t  f o r  a f i x e d  r a t i o  of f eed  rod t o  f i b e r  
diameter,  A l t e r n a t i v e l y ,  t h e  p o i n t s  of i n t e r s e c t i o n  of h o r i z o n t a l  l i n e  
ac ross  the zone contours determine t h e  equ i l ib r ium zone shapes cor- 
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It i s  t o  be emphasized t h a t  t h e r e  i s  a c r u c i a l  d i f f e r e n c e  (not  pro- 
p e r l y  brought out  i n  t h e  l i t e r a t u r e )  between equi l ibr ium shapes and s t a b l e  
shapes of zones. To be s t a b l e ,  t h e  zone must be  i n  an equi l ibr ium shape, 
b u t  n o t  a l l  equ i l ib r ium shapes are s t a b l e .  
2. Zone S t a b i l i t y  
Figure 4 shows, s chemat i ca l ly ,  energy diagrams which i l l u s t r a t e  t h e  
fou r  p o s s i b l e  d i f f e r e n t  responses of zones t o  pe r tu rba t ion  i n  shape. The 
s u r f a c e  energy E i s  p ropor t iona l  t o  t h e  zone area A ,  whi le  t h e  amplitude 
of p e r t u r b a t i o n  u is  a measure of t h e  hypo the t i ca l  deformation of t h e  
equ i l ib r ium shape of t he  zone. 
Figure 4a and 4b r e p r e s e n t  cases of abso lu t e  s t a b i l i t y .  I n  Figure 4a, 
i t  is  e n e r g e t i c a l l y  impossible t o  have t h e  zone pinch o f f .  I n  Figure 4b, 
a b s o l u t e  s t a b i l i t y  s t i l l  p r e v a i l s ,  bu t  a meta-stable conf igu ra t ion  (upper 
v a l l e y )  e x i s t s  i n  which t h e  l i q u i d  has  sepa ra t ed  i n t o  two p a r t s .  I n  t h i s  
case, i t  i s  p o s s i b l e  f o r  t h e  zone t o  pinch o f f  as a r e s u l t  of a p e r t u r b a t i o n  
l a r g e  enough t o  surmount t h e  energy b a r r i e r .  
Figure 4c shows the  case of a meta-stable zone shape separated by an 
energy b a r r i e r  from an a b s o l u t e l y  s t a b l e  conf igu ra t ion  i n  which t h e  l i q u i d  
i s  divided i n t o  two p a r t s .  I n  gene ra l ,  t h e  energy b a r r i e r  i n  t h i s  case i s  
less than i n  the  case of Figure 4be 
F i n a l l y ,  Figure 4d shows t h e  case of complete i n s t a b i l i t y  of t h e  zone. 
I n  t h i s  case, t h e  equ i l ib r ium shape cannot e x i s t  phys i ca l ly .  
The f i r s t  s t e p  i n  i n v e s t i g a t i n g  the  zone s t a b i l i t y  q u a n t i t a t i v e l y  is  
t o  c a l c u l a t e  t h e  equ i l ib r ium shape of t h e  l i q u i d  a f t e r  hypo the t i ca l  f i s s i o n .  
Af t e r  f i s s i o n ,  t h e  two p a r t s  of t h e  zone form s p h e r i c a l  caps on t h e  two rods 
f o r  t h e  case where t h e  d i s t o r t i o n  by g r a v i t y  i s  n e g l i g i b l e .  
are t h e  r a d i i  of t h e  rods,  and hl and h2 are t h e  h e i g h t s  of t h e  caps a f t e r  
s e p a r a t i o n ,  then t h e  t o t a l  volume of t h e  two caps i s  
I f  r and r2 1 
7 r 2  2 1 3  
caps 2 1 1  3 1  2 2  3 2  = - ( r  h + L h 3 + r  h 9 - h )  v 
1 2  
0 u----c 0 
(b) 
u -  
E 
0 U 0 U - 4 -  
(C) 
and t h e  t o t a l  f r e e  su r face  area i s  
2 2 2  = r(rf -4- hl -4- r2 + h2) .  caps A 
The minimum s u r f a c e  energy of t h e  two caps occurs when t h e  l i q u i d  is  p a r t i -  
is a minimum, s u b j e c t  t o  t h e  condi t ion t h a t  t i oned  i n  such a way t h a t  A 
v 
p r i o r  t o  sepa ra t ion .  
condi t ions were s a t i s f i e d .  
caps 
i s  constant  and equal  t o  t h e  volume of t h e  equi l ibr ium molten zone caps 
It w a s  assumed i n  t h i s  s t a b i l i t y  a n a l y s i s  t h a t  t h e s e  
The ra t  i o  Acaps /Azone is  a measure of t h e  s t a b i l i t y  of t h e  zone. I f  
t h i s  r a t i o  is  below u n i t y ,  t h e  zone i s  n o t  abso lu t e ly  s t a b l e  (see Figure 4c) .  
The do t t ed  curves i n  Figure 3 show t h e  locus  of t h e  l i m i t  of abso lu t e ly  
s t a b l e  molten zones. I f  t h e  zone he igh t  exceeds t h e  ind ica t ed  l i m i t ,  t h e  
zone i s  n o t  abso lu t e ly  s t a b l e ;  whereas abso lu te  s t a b i l i t y  i s  obtained f o r  
s h o r t e r  molten zone he igh t s .  
It i s  apparent  from Figure 3 t h a t  abso lu t e ly  s t a b l e  zones can be  
achieved only so l ong  as 
r 
r rod < 6.7 fiber- 
and 
< 5.7 h r - f i b e r  
Figure 5 shows how t h e  s t a b i l i t y  f a c t o r  Acaps/Azone varies with t h e  
f o r  a number of d i f f e r e n t  h/rf  i b e r  ' r a t i o  of zone he igh t  t o  f i b e r  r a d i u s ,  
va lues  of t h e ' a t t e n u a t i o n  r a t i o ,  r / r  It i s  seen t h a t  f o r  higher  
a t t e n u a t i o n  r a t i o s  t h e  s t a b i l i t y  f a c t o r  i s  c l o s e  t o  1 and approaches u n i t y  
q u i t e  gradual ly ,  A l l ,  t h e  curves,  when extended, i n t e r s e c t  t h e  h o r i z o n t a l  
a t  o r  be fo re  :the p o i n t  marked A i n  Figure 5 .  











The s u r f a c e  area of t h e  zone was c a l c u l a t e d  as a func t ion  of t h e  
amplitude of a p e r t u r b a t i o n  t o  i n v e s t i g a t e  t h e  cha rac t e r  of zone s t a b i l i t y  
i n  more d e t a i l .  The form of the  p e r t u r b a t i o n  w a s  assumed t o  be  such t h a t  
t he  volume of t h e  zone remained unchanged. A r a d i a l  pe r tu rba t ion  which 
s a t i s f i e s  t h i s  c r i t e r i o n  i s  
112 2nz 1 9  u s i n -  h 
The per turbed zone area A' is  given by 
o r  
h 
0 
A' = dz 
In general ,  Equation 17 cannot be  evaluated a n a l y t i c a l l y .  However, t he  
case in  which the  two rods have equal  r a d i i  is one s p e c i a l  case which is  
t r a c t a b l e .  The gene ra l  case must be  t r e a t e d  numerically.  , 
From Equations 1 5  t o  1 7 ,  i t  can be  shown t h a t  the per turbed area of 
a molten zone between equal  diameter rods i s  given by: 
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dz (18) 
and from Equation 18 t h a t  
u - 0  
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I f  t h e  second d e r i v a t i o n  is p o s i t i v e ,  t h e  zone i s  e i t h e r  a b s o l u t e l y .  
s t a b l e  o r  meta-stable as shown i n  Figure 4a, 4b, o r  4c; whereas, i f  i t  is 
nega t ive ,  t h e  zone i s  uns t ab le  as shown i n  Figure 4d. 
The cond i t ion  f o r  s t a b i l i t y  f o r  t h e  s p e c i a l  case of equal  diameter 
rods is  t h a t  
< - 2 T  
f i b e r  r 
This same s o l u t i o n  f o r  t h e  s t a b i l i t y  l i m i t  between equal  diameter cy l inde r s  
has  been der ived by ano the r  technique. 
exceeds t h a t  der ived f o r  abso lu t e  s t a b i l i t y  between equal  diameter cy l inde r s  
i n d i c a t e d  i n  Figure 3 
This h e i g h t  l i m i t  f o r  s t a b i l i t y  
< 4.5 
f i b e r  r 
From t h i s ,  i t  is concluded t h a t  me ta - s t ab i l i t y  probably extends t h e  working 
region some s i g n i f i c a n t  d i s t a n c e  beyond t h e  l i m i t  shown by t h e  do t t ed  curve 
i n  Figure 3.  The gene ra l  s o l u t i o n  f o r  t h e  meta-stable l i m i t s  and the he igh t  
of t h e  energy b a r r i e r  f o r  va r ious  zone h e i g h t s  and a t t e n u a t i o n  r a t i o s  re- 
quired numerical  eva lua t ion  of Equation 16 and w a s  n o t  undertaken. 
B. S e l e c t i o n  of Heating Methods f o r  F ibe r  Drawing 
1. S e l e c t i o n  Criteria 
The fol lowing cri teria were used t o  e v a l u a t e  p o s s i b l e  h e a t  sources  f o r  
t h e  f l o a t i n g  zone f i b e r  growth process .  
Maximum Temperature -- The h e a t i n g  method must have been capable 
of mel t ing ceramics such as alumina, s p i n e l ,  o r  z i r con ia .  The o b j e c t i v e  
of the.program w a s  t o  have t h e  c a p a b i l i t y  of mel t ing oxides with melt ing 
p o i n t s  i n  excess of 5400°F (3000°C). 
$B Temperature S t a b i l i t y  -- An acceptable  h e a t i n g  method must have 
had both long and s h o r t  term temperature s t a b i l i t y .  Temperature s t a b i l i t y  
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could be achieved e i t h e r  by a c t i v e  c o n t r o l  of t h e  hea t ing  method o r  by the  
inherent  long and s h o r t  term s t a b i l i t y  of t h e  hea t ing  method i t s e l f .  
Molten Zone Height -- An acceptab le  hea t ing  method must have been 
capable of producing a molten zone wi th  dimensions of t he  o rde r  of 0.040 
inches (0.1 cm). 
equipment changes 
Var i a t ion  of t h e  zone he ight  should not  r e q u i r e  major 
Axial Temperature D i s t r i b u t i o n  -- The hea t ing  method must have been 
capable of producing a des i r ed  temperature d i s t r i b u t i o n  i n  both t h e  feed 
and drawn f i b e r .  
p r o p e r t i e s  of t h e  f i b e r  and the  system geometry; however, t h e  hea t ing  
method should n o t  s eve re ly  res i t r ic t  poss ib l e  temperature g rad ien t s .  
The d i s t r i b u t i o n  w i l l  gene ra l ly  be determined by the  
Ci rcumferent ia l  Uniformity -- The hea t ing  method must have been 
promoted c i r cumfe ren t i a l  un i formi ty  of the temperature d i s t r i b u t i o n  i n  
t h e  s o l i d  feed  rod ,  molten zone and pu l l ed  f i b e r .  
. Temperature Control. P o t e n t i a l  '-- The hea t ing  method must have 
been r e a d i l y  adaptab le  t o  automatic  temperature  c o n t r o l  by conventional 
methods, both i n  t h e  l abora to ry  f o r  development, and u l t ima te ly  €or  pro- 
duct ion use.  
V i s i b i l i t y  -- The hea t ing  method must have permit ted viewing 
the  sample wi th  o p t i c a l  pyrometers,  o p t i c a l  instruments ,  or  photographic 
equipment Visua l  observa t ion  c a p a b i l i t y  was d e s i r a b l e  b u t  n o t  e s s e n t i a l .  
Environmental R e s t r i c t i o n s  -- The hea t ing  method must have permi t ted  
use of a broad range of ambient gases  a t  p re s su res  ranging from high  vacuum 
t o  over  one atmosphere. 
l i t y  -- The h e a t i n g  method must have permit ted changes i n  
sample geometry temperature I temperature d i s t r i b u t i o n  and sample envi- 
ronment without  ex tens ive  equipment modi f ica t ions .  
* P o t e n t i a l  f o r  Plult iple F ibe r  Use -- The hea t ing  method must have 
been adaptab le  t o  drawing of s e v e r a l  f i b e r s  without  r equ i r ing  r e p l i c a t i o n  
of t h e  e n t i r e  system, 
from 1 eo 10 f i b e r s  wi th  uniform q u a l i t y  of temperature and o the r  impor- 
t a n t  parameters e 
Pre fe rab ly ,  one hea t ing  u n i t  should s u f f i c e  f o r  
o A v a i l a b i l i t y  -- The hea t ing  method should be a v a i l a b l e  f o r  labora- 
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t o r y  use  a t  ADL, e a s i l y  assembled from e x i s t i n g  o r  r e a d i l y  f a b r i c a t e d  p a r t s p  
o r  a v a i l a b l e  on a r e n t a l  b a s i s .  
Cost -- The cos t  of t he  h e a t i n g  method must n o t  have been excessive,  
both f o r  t h e  development of production model systems 
2 .  Techniques I n v e s t i g a t e d  
Four types of thermal r a d i a t i o n  hea t ing  and t h r e e  d i r e c t  h e a t i n g  methods 
were considered: 
Resis tance elements which surround t h e  sample are heated by passage 
of d i r e c t  o r  a l t e r n a t i n g  c u r r e n t ;  h e a t  t r a n s f e r  t o  t h e  samples i s  p r imar i ly  
by thermal r a d i a t i o n  e 
Q RF heated elements which surround t h e  samples; h e a t  t r a n s f e r  t o  
t h e  samples i s  p r imar i ly  by thermal r a d i a t i o n .  
Thermal imaging techniques with r a d i a t i o n  sources such as carbon 
arcs o r  xenon lamps are used t o  h e a t  t h e  samples. 
Lasers, e i t h e r  continuous o r  pulsed,  are used t o  heat the samples. 
An e l e c t r o n  beam h e a t i n g  is  used t o  h e a t  t h e  samples. 
Gas discharge h e a t i n g  i s  used t o  h e a t  t h e  samples. 
@Direct RF coupling t o  t h e  hea ted  ceramic i s  used t o  b r i n g  t h e  sample 
t o  t h e  melt ing p o i n t .  
3 .  Comparison of Heating Methods 
It w a s  concluded on t h e  b a s i s  of t h i s  review t h a t  i n f r a r e d  hea t ing  
( r e s i s t a n c e  and r f )  and laser h e a t i n g  were t h e  two techniques b e s t  s u i t e d  
t o  t h i s  f l o a t i n g  zone f i b e r  growth process ,  The r e s u l t s  of t h i s  study 
are summarized q u a l i t a t i v e l y  i n  Table I. 
The i n f r a r e d  h e a t i n g  techniques were considered t o  b e  gene ra l ly  more 
f l e x i b l e  and c o n t r o l l a b l e  than t h e  o t h e r s  considered, and have t h e  b e s t  
p o t e n t i a l  f o r  mu l t i - f ibe r  processes.  It became clear, however, t h a t  t h e r e  
were no commonly a v a i l a b l e  materials t h a t  can b e  used as incandescent h e a t e r s  
f o r  oxides with melt ing p o i n t s  i n  excess  of 5400'F (3000°C). 
tungsten could be  used f o r  A12039 and they could probably be  used, bu t  with 
s h o r t  and u n c e r t a i  More r e f r a c t o r y  
materials, e.g. ,  TaC and HfC, would b e  p r o h i b i t i v e l y  expensive t o  f a b r i c a t e  
Graphi te  and 
l i f e ,  f o r  s p i n e l  (MgO-Al2O3 and Zr02)" 
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TABLE I 
COMPARISON OF HEATING METHODS 
Temperature 
Control  
P o t e n t i a l  
Good 
P o t e n t i a l  f o r  
M u l t i p l e  F ibe r  A v a i l a b i l i t y  
P roduc t ion  and Cost F l e x i b i l i t y  
Systems e a s i l y  Good Good 
changed o r  modi- 




ing  upon m a t e r i a l  
and environment 
1 i m i  t a  t ions  
< 30OO0C, depend- 
i n g  upon mate- 
r i a l  and en- 
vironment l i m i -  
ta  t ions  
Temperature 
S t a b i l i t y  
Good, both s h o r t  
and long t e r m  
Molten Zone 
Height  
Can be v a r i e d  by 
us ing  d i f f e r e n t  
e lements  




Axial  Temperature 
D i s t r i b u t i o n  
Determined by h e a t e r -  
s h i e l d  des ign  and ma- 
terials p r o p e r t i e s - -  
f l e x i b i l i t y  of design 
Environmenta 1 
V i s i b i l i t y  R e s t r i c t i o n s  
F a i r  Vacuum, i n e r t  o r  
reducing environ-  
ment 
Method 
I n f r a r e d  
Heating -- 
R e s  is  t ance  
E lemen t s 
I n f r a r e d  
Heat ing -- 
R.F.  Heated 
Elements 
Fa i r - -  
Poor 
Good, bo th  s h o r t  
and long t e r m  
Can b e v a r i e d  by 
us ing  d i f f e r e n t  
elements.  R.F. 
c o i l s  a l s o  e f f e c t  
h e a t  t r a n s f e r  
Determined by h e a t e r  , 
s h i e l d  and susceptor  
des ign  and m a t e r i a l s  
proper  ties. F l e x i b i l i t y  
r e s t r i c t e d  by rf c o i l s  
and suscep to r  
Good Vacuum, i n e r t  o r  
reducing environ-  
ment, some p res -  
s u r e  ranges no t  
f e a s i b l e .  
Systems e a s i l y  
changed o r  
modified Good Good 
>3000°F depending 
upon source  and 
o p t i c a l  s y s  t e m  
I n f r a r e d  
Heat ing -- 
The rma 1 
Imaging 
F a i r  t o  poor i n  
i n t e r m e d i a t e  and 
long  t e r m  
D i f f i c u l t  t o  
focus t o  small 
s i z e s  
Poor because of 
image d i r e c t i o n a l i t y  
and shadowing 
Poor because of source 
f l u x  inhomogenieties 
F a i r  -- 
Poor 
Good None Cumbersome, ex- Poor 
pens ive  o p t  i c a  1 
system reduces 
f l e x i b i l i t y  
Good 
> 3000°F, 1 imited 
i n  p r a c t i c e  only 
by sample s i z e ,  
geometry and 
a v a i l a b l e  power 
> 30OO0C, depend- 
o n l y  on beam 
power 
Can be c o n t r o l l e d  
by focus ing  and 
a d j u s t i n g  o p t i c s  
Good Good Laser  
Heat ing 
R e l a t i v e l y  good; 
t y p i c a l  laser  
l i f e  1000 hour s  
Can be good wi th  
p r o p e r l y  designed 
o p t i c s  o r  use of 
m u l t i p l e  l a s e r s  
Good None R e l a t i v e l y  Poor 
f l e x i b l e  with- 
i n  power l i m i -  
t a t  ions 
Good 
E l e c t r o n  
Beam 
Poor ,  depends 
upon conductance 
o f  sample and 
feedback system 
Can be c o n t r o l l e d  
by focus ing ,  bu t  
u n s t a b l e  
Poor because of 
d i r e c t i o n a l i t y  
Poor because of lack Boor 
of s t a b i l i t y  
Good Requires  gas p re s -  R e l a t i v e l y  Poor 
s u r e s  below loe4  
t o r r  f e r e n t  s i z e  
f l e x i b l e  t o  d i f -  
s amp l e  s 
F a i r  
Gas 
Discharge 
Probably poor because Probably 
of d i scha rge  surround- good 
ing  molten zone 
Poor Gas environment Sample s i z e s  Poor 
sl t o r r  e a s i l y  changed, 
may r e q u i r e  
changes i n  e l e c -  
t rode  configura-  
t ion  
F a i r  A t  l e a s t  
2410'F. 
Probably good Not e a s i l y  con- 
t r o l l e d ,  f i x e d  by 
cathode geometry 
and d i scha rge  
parameters  
Good 
2 1  

i n t o  h e a t e r s .  It w a s  suggested t h a t  t h e  f i b e r  growth apparatus be designed 
t o  employ t h i s  type of hea t ing  and t h a t  t h e  experimental  program be  i n i t i a t e d  
with r e s i s t a n c e  heated f i l amen t s .  The experience gained i n  handling the  
f i b e r s ,  w i th  zone a t t e n u a t i o n  and s t a b i l i t y  and f i b e r  t e s t i n g  w i l l  prove 
va luab le  f o r  any hea t ing  technique. 
To t ake  f u l l  advantage of t h e  c r u c i b l e l e s s  f l o a t i n g  zone process and 
t o  make p o s s i b l e  t h e  growth of oxide f i b e r s  with melt ing p o i n t s  i n  excess 
of 5400°F (3000"C), i t  w a s  suggested t h a t  experiments should be  i n i t i a t e d  
with CO laser hea t ing .  Arrangements were made t o  r e n t  a 10 w a t t  CW CO 
laser  which w a s  used f o r  a series of prel iminary laser-heated f i b e r  growth 
experiments. 
2 2 
C. I n f r a r e d  Heating -- Thermal Design Analysis 
Detailea thermal analyses  were made t o  confirm t h e  f e a s i b i l i t y  of 
using an i n f r a r e d  h e a t i n g  source t o  m e l t  feed s tock  and draw t h i n  f i b e r s ,  
as w e l l  as t o  provide information required f o r  t he  design of t h e  h e a t e r .  
Although most of t he  analyses  were conducted pa rame t r i ca l ly ,  materials, 
dimensions, and boundary condi t ions were s e l e c t e d  which were representa- 
t ive  of t h e  p ro jec t ed  ope ra t ing  system both t o  add realism and t o  e s t a b l i s h  
p r a c t i c a l  l i m i t s  of f e a s i b i l i t y .  Aluminum oxide w a s  s e l e c t e d  as a model 
sys  t e m .  
The ob jec t ives  of t h e  analyses  were t o  answer the  following quest ions 
f o r  a f i b e r  drawing process  i n  which an incandescent h e a t e r  surrounds t h e  
feed s tock :  
@What is  t h e  h e a t e r  temperature and power r equ i r ed  t o  form a molten 
zone 
What i s  t h e  thermal s t a b i l i t y  of t he  molten zone. 
e What is the  temperature d i s t r i b u t i o n  i n  the  feed s tock  and f i b e r .  
e What are t h e  e f f e c t s  of "clearance" between t h e  h e a t e r  and feed rod. 
e What are t h e  e f f e c t s  of r a d i a t i o n  s h i e l d s .  
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1. The Simplif ied Model f o r  Analysis 
The model f o r  thermal a n a l y s i s  is shown i n  Figure 6. 
Figure 6. D e f i n i t i o n  of Parameters Used i n  Thermal Analyses 
I n  t h e  i n i t i a l  a n a l y s i s ,  i t  w a s  assumed t h a t  t h e  cav i ty  i n  t h e  h e a t e r  
would be c y l i n d r i c a l ,  of r ad ius  R and l eng th  d equal  t o  t h e  diameter of 
t h e  feed rod. 
2 .  Heater Power and Temperature Requirements 
A s  a f i r s t  estimate of t h e  power r equ i r ed  t o  form a molten zone of 
l eng th  d ,  i t  w a s  assumed t h a t  t h e  gap between t h e  h e a t e r  and t h e  feed rod 
w a s  small (R 2 d / 2 ) ,  t h a t  t he  f i b e r  had a much smaller diameter than the  
f eed  rod ( a<<d) ,  and t h a t  t he  l o s s e s  from t h e  molten zone were by con- 
duct ion along t h e  feed rod and by r a d i a t i o n  from t h e  end of t he  molten 
zone. When t h e  feed rod i s  hea ted ,  a s teady s ta te  w i l l  be  reached i n  
which the  h e a t  absorbed by t h e  rod equals  t h e  l o s s e s  from t h e  rod as 
follows : 
q absorbed = .rrd 
24 
and 
4 2 q l o s s  = - .rrd 4 cRuTR +., 
where E a and are t h e  emit tance of t h e  rod9  absorptance of t he  rod,  
and emittance of the h e a t e r ,  r e s p e c t i v e l y ,  TH9 TR, and To are t h e  h e a t e r ,  
rod, and ambient temperatures,  r e s p e c t i v e l y ,  h is a h e a t  t r a n s f e r  coe f f i -  
c i e n t  (convection p l u s  r a d i a t i o n )  from t h e  rod and kR i s  t h e  thermal con- 
d u c t i v i t y  of the rod. 
r a d i a t i o n  
R’ R 
I f  convection l o s s e s  are n e g l i g i b l e  compared t o  
Combining t h e  equat ions 
which relates t h e  r equ i r ed  temperature and p r o p e r t i e s  of t h e  heater t o  
t h e  p r o p e r t i e s  of t h e  ceramic feed rod. 
L i t e r a t u r e  d a t a  on molten alumina i n d i c a t e  t h a t  t h e  s p e c t r a l  emittance 
varies between about 0.86 and 0.93 a t  wavelengths of 0.65 and 2.4 microns. 
Conf l i c t ing  d a t a  are p resen t  i n  t h e  l i t e r a t u r e  f o r  s o l i d  alumina. Using 
l i t e r a t u r e  d a t a  f o r  o p t i c a l  cons t an t s  i n  t h e  region from 0.5 t o  7 microns, 
we have est imated t h e  emit tance and absorptance of aluminum ox ide ,  bo th  
s o l i d  and molten, over t h e  temperature range of 500 t o  3850°F (260 t o  
2120°C). For small rod and f i b e r  s i z e s  t h e  emit tance of aluminum oxide 
w i l l  vary with t h e  sample diameter.  
emittance values  
Table I1 gives our estimates of 
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TABLE I1 
EMITTANCE OF ALUM1 OXIDE AT DIFFERENT TEMPERATURES 
Temperature d = 0.1 inches (0.254 cm) d = 0.01 inches (0.0254 
Molten 
3600 19 80 
2 700 1485 












It is important t o  n o t e  t h e  emit tance i s  r e l a t i v e l y  high a t  low temperatures 
because t h e  aluminum oxide is  almost opaque a t  long wavelengths. 
emit tance decreases  as temperature inc reases  because of i ts  transparency 
and then inc reases  sha rp ly  a t  t h e  melt ing po in t .  
The 
Equation 24 gives two s o l u t i o n s  f o r  t h e  rod (zone) temperature with 
a constant  heater temperature because of t h e  d i f f e r e n c e  between t h e  s o l i d  
and l i q u i d  emissivities. 
temperature t o  i n i t i a t e  mel t ing than i s  r equ i r ed  t o  maintain a molten 
zone. Superheating is  r equ i r ed  t o  i n s u r e  s t a b i l i t y .  
Therefore,  t h e  h e a t e r  must be  heated t o  a h ighe r  
a. Graphite Heater 
The minimum h e a t e r  temperature t o  j u s t  maintain a molten zone of 
A1203 with a g raph i t e  h e a t e r  i s  4350°F (2400°C). 
approximately 4530°F (2500°C) is  probably required t o  i n s u r e  s t a b i l i t y .  
Under these  condi t ions a 0.1 inch (0.254 cm) diameter feed rod would ad- 
sorb approximately 22 w a t t s .  
A h e a t e r  temperature of 
b.  Tungsten Heater 
I f  tungsten were used as t h e  h e a t e r ,  a h ighe r  h e a t e r  temperature 
would be  r equ i r ed  than with g r a p h i t e  bec  use of i t s  low emittance.  As- 
suming an emit tance of 0.3, t h e  r equ i r ed  h e a t e r  temperature t o  maintain 
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0.0 
Distance from T, (inch) 
0.4 0.8 1.2 1.6 
a. d = 0.1'' (0.254 cm) E = 400R 
b. d = 0.01'' (0.0254 cm) E = 400/T 















molten A1203 zone is approximately 5075°F (2800°C). 
ope ra t ing  temperature f o r  tungsten and sugges ts  t h a t  i t  may no t  be  s u i t a b l e  
material as g raph i t e .  
This i s  a very hi-gh 
3. Temperature Di s t r ibu t ion  i n  Feed Rod 
The temperature d i s t r i b u t i o n  from t h e  molten zone t o  t h e  cold end of 
t h e  rod is found from t h e  s o l u t i o n  of t h e  fo l lowi  
1 rr 2 k E ~ c Y ( T ~  - To) 4 + h(TR - To) 
where r is t h e  r ad ius  of t h e  feed rod and h is t h e  convection c o e f f i c i e n t  
a t  t h e  rod sur face .  
than T i n  t h e  region near  t he  molten zone and h is small, Equation 25 
reduces t o :  
A s  a f i r s t  approximation, because T is  much l a r g e r  R 
0 
- = -  d2TR 4 E C Y T  &2 kRr R R 
In  t h e  temperature region of i n t e r e s t  (450 t o  3720"F, 230 t o  2050°C) t h e  
emit tance can be  approximated as 
is  
= - 4 0 0 ,  and the  s o l u t i o n  of Equation 26 T 
X 
i s  t h e  temperature a t  the  molten zone, Calculated temperature 
%ax 
where T 
d i s t r i b u t i o n s  i n  0. 1 inch  (0 .0254 cm) d O s l o  inch (0 .254 cm) diameter 
M203 rods are shown i n  Figure 7, 
The ca l cu la t ed  temperature d i s t r i b u t i o n  i n  an 0.1 inch (0 .254 cm) 
diameter feed rod is  given by curve a. Curve b represents  t he  temperature 
d i s t r i b u t i o n  i n  an 0.01 inch  (0 .0254 cm) diameter f i b e r  assuming the  same 
emiss iv i ty  as the  feed rod (E = '4OO/T) a It was shown previous ly ,  Table 11, 
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t h a t  t he  emit tance of t h e  f i b e r  i s  lower than t h e  rod by a f a c t o r  of two 
t o  four  depending on temperature. 
ca l cu la t ed  assuming an emittance of E = lOO/T.  
g r ad ien t  f o r  t h e  f i b e r  w i l l  probably b e  between curves b and c, The i n i -  
t i a l  temperature g rad ien t  i n  the f i b e r  w i l l  b e  between two t o  three times 
h ighe r  than i n  t h e  feed rod. The r e l a t i v e l y  s t e e p  temperature g rad ien t  
i n  t h e  f i b e r  i s  u s e f u l  s i n c e  i t  permits  high s o l i d i f i c a t i o n  rates. 
Curve c is t h e  temperature d i s t r i b u t i o n  
The a c t u a l  temperature 
For t h e  Al 0 example with zero clearance between t h e  h e a t e r  and 2 3  
feed rod,  i t  was found t h a t  t h e  h e a t  t r a n s f e r r e d  by conduction down the  
feed rod i s  about twice t h e  amount l o s t  by r a d i a t i o n  from the  end of t he  
molten zone. 
4 .  E f f e c t s  of Clearance Between Heater and Feed Rod 
The preceding r e s u l t s  were evaluated f o r  a system i n  which t h e  gap 
between t h e  feed rod and t h e  h e a t e r  w a s  small. I n  p r a c t i c e ,  c learance is 
required between the h e a t e r  and the  molten zone and t h e  e f f e c t  of t h e  gap 
between t h e  h e a t e r  and t h e  feed rod w a s  evaluated.  
For t h e  case where t h e  clearance between t h e  h e a t e r  and t h e  feed rod 
is  equal  t o  the  r ad ius  of t h e  feed rod ( r ad ius  i n  h e a t e r  - 2 x feed rod 
r a d i u s ) ,  i t  w a s  found t h a t  t h e  equi l ibr ium g raph i t e  h e a t e r  temperature t o  
j u s t  keep A1203 a t  i t s  melt ing po in t  i s  4920°F (273OOC) and t h e  power 
absorbed by t h e  molten zone is about 32 watts f o r  a 0.1 inch (0.254 cm) 
diameter feed rod. I n  t h i s  case t h e  h e a t  l o s s e s  from the  zone are about 
60% by r a d i a t i o n  and 40% conduction down t h e  feed rod.  I f  t h e  gap were 
decreased t o  only one h a l f  t h e  r ad ius  of t he  feed rod ( r ad ius  i n  h e a t e r  = 
1 , 5  x feed rod r a d i u s ) ,  t he  h e a t e r  temperature would be about 4685°F 
(2585°C) o r  about 360°F (200°C) h ighe r  than i f  no gap were p resen t .  A 
tungsten h e a t e r  would have t o  be operated a t  a s i g n i f i c a n t l y  h ighe r  tempera- 
t u r e  because of i t s  lower emittance.  Thus, i t  is  d e s i r a b l e  t o  reduce t h e  
gap as much as poss ib l e .  C lea r ly ,  t h e  temperature d i s t r i b u t i o n  i n  the  feed 
od and pu l l ed  f i b e r  w i l l  a l s o  be  a f f e c t e d  by t h e  gap width.  I n  gene ra l s  
t he  l a r g e r  t h e  gap, t he  smaller t h e  a x i a l  temperature g rad ien t  adjacent  
t o  t h e  molten zone. 
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In  the  preceding ana lyses  w e  have considered t h a t  t he  temperature i n  
t h e  molten zone would be uniform. This i s  c l e a r l y  not  t h e  case because of 
d i f f e r e n t  h e a t  l o s s e s  from each end of t he  rod as w e l l  as varying view of 
t h e  h e a t e r  from d i f f e r e n t  p a r t s  of t he  molten zone. 
of t h e  temperature d i s t r i b u t i o n  i n  the  molten zone i s  complex, p a r t i c u l a r l y  
i f  t h e  geometry of t h e  zone i s  no t  w e l l  def ined.  
a maximum nea r  t he  c e n t e r f i n e  of t h e  he ter and decrease gradual ly  u n t i l  
t he  edges of t h e  h e a t e r  and then more r ap id ly  ou t s ide  t h e  zone adjacent  
t o  t h e  h e a t e r ,  I n  an a c t u a l  system, i t  may be d e s i r a b l e  t o  confine t h e  
molten zone t o  wi th in  the  h e a t e r  boundaries so t h a t  too  much superheat  
w i l l  n o t  be achieved a t  the  cen te r  of t h e  molten zone. For example, t he  
cen te r  of t h e  molten zone would b e  superheated by about 540°F (300°C) f o r  
a system i n  which t h e  diameter of t h e  feed rod were equal  t o  t h e  thickness  
of t h e  h e a t e r ,  t h e  gap between t h e  h e a t e r  and t h e  rod were equal  t o  the  ra- 
d ius  of t h e  rod and the  molten zone extended t o  the  ends of t h e  hea te r .  
Reducing t h e  gap reduced superheat ing.  
Temperature D i s t r i b u t i o n  i n  Molten Zone 
A d e t a i l e d  ana lys i s  
The temperature w i l l  be  
6, E f f e c t  of t h e  Feed Rod and Heater Size  
The emit tance of t h e  molten zone decreases  f a s t e r  than t h e  emit tance 
of t h e  s o l i d  feed  rod as t h e i r  s i z e s  are reduced, Therefore ,  t he  f r a c t i o n  
of t h e  hea t  l o s t  from t h e  zone by conduction inc reases  as diameter decreases .  
We ea timate t h a t  a g raph i t e  h e a t e r  temperature of approximately 4670°F 
(2580°C) would be requi red  t o  m e l t  a c lose ly  coupled 0.05 inch (0.125 em) 
diameter KL203 rod compared with 4350°F (2400°C) required f o r  a 0.1 inch 
(0.25 cm) rod. Because t h e  exac t  shape and su r face  t o  volume r a t i o  of 
t h e  zone s t rong ly  in f luences  t h e  absorp t ion  and loss terms9 i t  was no t  
considered useful. t o  make more e l a b o r a t e  ca l cu la t ions ,  
D,  F iber  Growth Apparatus 
Three d i s t i n c t  p ieces  o f  f i b e r  growth apparatus  were constructed and 
used success fu l ly  during the  one year  program, The f i r s t  used a r f  heated 
I R  source i n  a modified ADL-MP Crys ta l  Growing Furnace, The second used 
a 10 w a t t  C02 laser hea t  source,  The t h i r d  used a r e s i s t a n c e  heated I R  
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source i n  a furnace chamber constructed s p e c i f i c a l l y  f o r  t h i s  program, 
The f i b e r  growth experiments c a r r i e d  ou t  i n  t h e  f i r s t  two were l i m i t e d  
i n  scope t o  demonstrating f e a s i b i l i t y  and t e s t i n g  analyses .  
1. RF.heated - I R  Source; Modified M P  Furnace 
A series of prel iminary f i b e r  growth experiments were c a r r i e d  out  i n  
an ADL-MP C r y s t a l  Growing Furnace, Figure 8, using a r f  power supply. The 
ive t r a i n  t o  t h e  p u l l i n g  heads was modified t o  permit continuously ad- 
j u s t a b l e  r e l a t i v e  rates of s h a f t  t ravel  s o  t h a t  smooth, a t t enua ted  f i b e r  
growth w a s  poss ib l e .  As normally constructed,  t h e  upper and lower s h a f t  
of t h e  Crys t a l  Growing Furnace travel a t  the same rates when both are 
engaged e This modif icat ion was accomplished by i n s e r t i n g  a, continuously 
a d j u s t a b l e  gear box ( b a l l  and d i s k  type) i n t o  t h e  lower p u l l i n g  head dr ive.  
The u n i t  could be  ad jus t ed  so t h a t  t h e  lower s h a f t  t r a v e l e d  a t  lower, equal  
o r  h ighe r  rates than t h e  upper s h a f t  
I n  t h e  f i r s t  i n s t a l l a t i o n  of t h e  continuously a d j u s t a b l e  gear  box, 
f l e x i b l e  d r i v e  s h a f t s  were used t o  connect t he  main gear box t o  the  pul l -  
i n g  head. 
up and t ransmit  an i n t e r r u p t e d  motion t o  t h e  lower head. This w a s  r e f l e c t e d  
i n  t h e  f i b e r s  as a non-uniform diameter.  These f l e x i b l e  s h a f t s  were re- 
placed with t o r s i o n a l l y  more r i g i d  d r i v e  s h a f t s  which contained un ive r sa l  
It w a s  observed t h a t  t h e  s p r i n g  s h a f t s  had a tendency t o  wrap 
j o i n t s  t o  compensate f o r  misalignment. This la t ter  modif icat ion of t h e  
d r i v e  t r a i n  functioned properly,  although one must always be  a l e r t  t o  t h e  
p o s s i b i l i t y  of s l i ppage  i n  a non-posit ive gear box of t h i s  type. 
Two r f  co%l-heater assemblies were used i n  t h i s  series of experiments. 
The f i r s t ,  shown schematical ly  i n  Figure 9 ,  w a s  used i n  t h e  f i r s t  seven 
runs;  and t h e  second, Figure 10,  was used i n  runs e i g h t  through forty-one. 
The g raph i t e  h e a t e r  d i sks  i n  t h e  f i r s t  assembly were supported on 
g raph i t e  l e g s  t o  minimize t h e  con tac t  area between t h e  h e a t e r  and t h e  in- 
s u l a t i n g  Bkl support  (High P u r i t y  Grade Carborundum Company) * This co i l -  
h e a t e r  assembly w a s  n o t  w e l l  s u i t e d  t o  usage i n  e i t h e r  argon o r  vacuum 
atmospheres due t o  the  high e lec t r ica l  p o t e n t i a l  between t h e  r f  c o i l  and 
t h e  d i s k  h e a t e r .  
condi t ions,  
Frequent a rc ing  occurred when operated under t h e s e  
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The second co i l -hea te r  assembly reduced t h e  e lec t r ica l  p o t e n t i a l  
between t h e  h e a t e r  and t h e  element which induced cu r ren t  i n  i t  (modified 
concentrator  used f o r  d i r e c t  coupled f l o a t i n g  zone c r y s t a l  growth). The 
high electrical p o t e n t i a l  e x i s t e d  between t h e  c o i l  and t h e  concentrator ;  
however, both were cold so t h e  tendency t o  i o n i z e  t h e  gas was reduced. 
This assembly had s u b s t a n t i a l l y  b e t t e r  coupling e f f i c i e n c y  than t h e  f i r s t ,  
and w a s  operated a t  lower power levels. 
2. C02 Laser Heat Source 
The second f i b e r  growth apparatus  designed, b u i l t  and used during 
t h i s  program used a C02 laser as t h e  h e a t  source.  
shown i n  ope ra t ion  i n  Figure 11. 
a x i a l l y  i n  t h e  same p o s i t i o n s  as they were i n  t h e  MP Crys ta l  Growing Furnace?, 
The same v a r i a b l e  r e l a t i v e  s h a f t  speed d r i v e  assembly, descr ibed above, was 
used wi th  t h i s  apparatus.  
The assembled apparatus  is  
The two p u l l i n g  heads are pos i t i oned  co- 
The 10 w a t t  Holobeam C02 laser shown i n  Figure 11 was used i n  a l l  of 
t h e  laser heated f i b e r  growth experiments. 
w a s  expanded t o  approximately 2 cm with t h e  c y l i n d r i c a l  beam expander 
pos i t i oned  between t h e  laser and t h e  o p t i c a l  bench. 
mize t h e  f r a c t i o n  of t h e  beam energy l o s t  by uncontrol led r e f l e c t i o n s  from 
t h e  edges of mi r ro r  beam d i v i d e r s .  
The 0.5 cm diameter laser beam 
This w a s  done t o  mini- 
A schematic r ep resen ta t ion  of t h e  o p t i c a l  bench used i n  t h e s e  experi-  
Its p o s i t i o n  j u s t  below t h e  p l a t e  which sup- ments is  shown i n  Figure 12. 
p o r t s  t h e  upper p u l l i n g  head is shown i n  Figure 11. The same bench w a s  
used i n  1, 2 ,  3,  and 4 beam experiments. I n  t h e  4 beam experiments t h e  
expanded beam h i t s  plane mi r ro r  A and i s  r e f l e c t e d  t o  plane m i r r o r s  B and 
C pos i t i oned  such that each mi r ro r  receives a h a l f  circle of t h e  beam, 
The semic i r cu la r  beam from mi r ro r  B is  i n t e r r u p t e d  by plane m i r r o r s  D and 
E pos i t i oned  i n  t h e  vertical plane such t h a t  each receives a quadrant of 
t h e  beam. A quadrant is  r e f l e c t e d  from mi r ro r  D t o  t h e  s p h e r i c a l  mi r ro r  H 
and t h e  second quadrant from E t o  t h e  s p h e r i c a l  mi r ro r  I which focus t h e  
beam on t h e  f i b e r  i n  p o s i t i o n  Le 
h o r i z o n t a l  plane t o  avoid h i t t i n g  mi r ro r s  D and E. 
t h e  semic i r cu la r  beam from mi r ro r  C is similar.  
4 s p h e r i c a l  m i r r o r s  are i n d i v i d u a l l y  a d j u s t a b l e  t o  provide p r e c i s e  focus- 
The beams are depressed 7.5' from t h e  
The o p t i c a l  path f o r  
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focusing. With t h i s  o p t i c a l  system, t h e  beam w a s  focused i n  s p o t s  approxi- 
mately 0.010 inches (0.0254 cm) i n  diameter a t  p o s i t i o n  L.  
I n  t h e  t h r e e  beam experiments plane mi r ro r  F w a s  removed; i n  t h e  two 
beam experiments plane mi r ro r s  E and F were removed t o  reduce the  number 
of t i m e s  t h e  beam was  s p l i t .  In t h e  one beam experiment plane mi r ro r  B 
w a s  pos i t i oned  t o  cap tu re  the  e n t i r e  beam. 
3 .  Resis tance Heated - I R  Source; Fiber  Growth Apparatus 
The r e s u l t s  of prel iminary f i b e r  growth experiments c a r r i e d  ou t  i n  an 
ADL Model MP C r y s t a l  Growing Furnace w a s  encouraging; however, i t  w a s  evi- 
dent t h a t  t h e  M p  furnace system w a s  n o t  w e l l  s u i t e d  t o  the requirements of 
t h i s  program. Some of t h e  major d e f i c i e n c i e s  include:  
1. inadequate v i s i b i l i t y  of t h e  fiber-drawing process ,  
2. Lack of r e l i a b l e  independent con t ro l  of the f i b e r -  
drawing and feed rod i n s e r t i o n  rates, 
3.  lack of h o r i z o n t a l  (x-y) adjustment of t h e  f i b e r  
and feed rod,  
4. i n s u f f i c i e n t l y  easy access  t o  t h e  f i b e r ,  ceramic- 
feed rod, hea t ing  element and ad jacen t  areas. 
Based upon an assessment of t h e  prel iminary f iber-drawing experiments, 
a furnace configurat ion w a s  developed which overcame these  d e f i c i e n c i e s .  
The f l o a t i n g  zone fiber-drawing furnace which was constructed is  shown 
schematical ly  i n  Figure 13 and assembled i n  Figure 1 4 .  
gives  i t  a high degree of f l e x i b i l i t y .  The u n i t  can be  s t r e t c h e d  t o  permit 
growth of longer  f i b e r s  by a batch p rocess9  o r  a take-up reel can be  added 
f o r  semicontinuous operat ion.  Many h e a t i n g  sources ,  such as r f  heated-IR 
source,  CO laser o r  r e s i s t a n c e  heated-IR source can be used without 
modif icat ion of t h e  chamber e 
Its modular design 
2 
The furnace chamber i s  a r ec t angu la r  paral le l -piped approximately 
2 f e e t  (60 cm) high,  1 f o o t  (30 cm) deep and 1 f o o t  (30 cm) wide. Window 
and access p o r t s  were pos i t i oned  t o  given maximum f l e x i b i l i t y  and v i s i b i l i t y .  
5 2  During vacuum and 1 5  p s i g  (2  x 10  N/m ) opera t ion ,  stress l e v e l s  w i l l  no t  
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8 2  exceed 20,000 p s i  (1.4 x 10 N/m ) i n  t h e  1 / 4  inch (0.635 cm) t h i c k  water- 
cooled s t a i n l e s s  steel  w a l l s  and 1000 p s i  (6.9 x 10  N/m ) i n  the 5/8 inch 
(1.59 cm) t h i c k  tempered Pyrex g l a s s  window. These stress levels provide 
adequate margins , f o r  s a f e t y  
is supported on rubber shock mounts t o  minimize v i b r a t i o n  t r ansmi t t ed  from 
t h e  support  s t r u c t u r e ,  
are connected t o  t h e  furnace by f l e x i b l e  d r i v e  cables  t o  minimize t h e  vibra-  
t i o n  t r ansmi t t ed .  
6 2  
The furnace-chamber, pulling-head assembly 
The gear  boxes and d r i v e  motors f o r  t h e  p u l l i n g  heads 
The x-y p o s i t i o n e r s  are based on commercial units manufactured by t h e  
S t o e l t i n g  Company, Chicago, I l l i n o i s .  It was claimed t h a t  d o v e t a i l s  were 
designed t o  support  both t e n s i l e  and compressive loading so  t h a t  t h e  same 
u n i t s - w e r e  used without  modif icat ion on upper and lower p u l l i n g  heads. 
It has  been found t h a t  t h e  u n i t s  have considerable  drag when loaded i n  ten- 
s i o n  and do n o t  always r e t u r n  under s p r i n g  loading. 
The atmospheric seal i n  t h e  x-y p o s i t i o n e r  assembly i s  provided by a 
bellows; O-rings form t h e  seal between t h e  bellows and t h e  chamber walls, 
between the p u l l i n g  head and t h e  bellows, and between t h e  s h a f t  and t h e  
gland assembly. 
Fiber  withdrawal and feed rod i n s e r t i o n  mechanisms are ADL-MP Furnace 
p u l l i n g  heads. Unlike the  s t anda ra  M p  Crys ta l  Growing Furnace, t h e  rates 
of travel i n  t h e s e  p u l l i n g  heads can be  c o n t r o l l e d  completely independently. 
Where p o s s i b l e ,  t h i s  furnace conf igu ra t ion  incorporated s tandard 
components and assemblies which have been developed f o r  t h e  ADL Model MF 
Crys ta l  Furnace t o  i n s u r e  r e l i a b l e  ope ra t ion ,  t h e  a v a i l a b i l i t y  of spa re  
p a r t s  and t o  minimize t h e  design and cons t ruc t ion  c o s t s .  
The h e a t i n g  elements were gripped by water-cooled copper connectors. 
Actual h e a t e r  element conf igu ra t ions  were designed t o  match t h e  a v a i l a b l e  
power s u p p l i e s  and ad jus t ed  empi r i ca l ly .  The most s a t i s f a c t o r y  h e a t e r  




FIGURE 15 PYROLYTIC GRAPHITE HEATER CONFIGURATION 
SHOWlNG DIMENSIONS 
F l a t  1 / 1 6  by 112 by 3” tungsten h e a t e r s  were used b u t  unsuccessfu l ly .  
F igure  1 6  is  a photograph of a 0.020 inch (0.0508 cm) diameter f i b e r  
being grown from a 0.060 inch  (0.152 cm) d iameter  feed  rod wi th  an incan- 
descent  p y r o l y t i c  g r a p h i t e  h e a t e r .  The water-cooled copper g r i p s  are ap- 
parent  on e i t h e r  s i d e  of t h e  h e a t e r  s t r i p .  
Input  amperage was monitored by means of a r e c t i f i e d  vo l t age  taken 
-3 from a 50 x 10 R shunt .  This vo l t age  w a s  bucked a g a i n s t  a known vo l t age  
and t h e i r  d i f f e r e n c e  used as a con t ro l  s i g n a l  f o r  a Leeds & Northrup pro- 
po r t iona l  c o n t r o l l e r .  The amperage was con t ro l l ed  by a s a t u r a b l e  core  
r e a c t o r  e 
Considerable d i f f i c u l t y  w a s  experienced i n  achieving r e l i a b l e ,  res- 
ponsive automatic  c o n t r o l  of t h e  power level.  Propor t iona l  c o n t r o l l e r s  
must be  tuned t o  t h e  s p e c i f i c  c h a r a c t e r i s t i c s  of t h e  h e a t e r  and feed-back 
s i g n a l .  It w a s  found t h a t  i nd iv idua l  h e a t e r s  v a r i e d  t o  t h e  e x t e n t  t h a t  
major adjustments  of t h e  c o n t r o l l e r  and power supply were requi red  each 
t i m e  one was changed. The problem w a s  f i n a l l y  reso lved  by opera t ing  t h e  
u n i t  wi th  manual c o n t r o l  using s t a b i l i z e d  vo l t ages  f o r  t h e  power supply 
and c o n t r o l  c i r c u i t r y  a 
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I V .  SUMMARY OF FIBER GROWTH EXPERIMENTS 
The process  condi t ions  used f o r  growing the  A 1  0 f i b e r s  produced 2 3  
during t h i s  program are summarized i n  Table 111. 
materials, feed .rod s i z e s ,  a t t enua t ion  r a t i o s ,  growth rates, d i r e c t i o n  of 
growth and ambient atmospheres w e r e  t h e  process  parameters examined. 
Spec i f i c  process condi t ions  inves t iga t ed  were: 
Heat sources ,  feed  rod 
A. Feed Rod Materials 
1. M c D a n e l  AP-35 
2. McDanel AV-30 
3. Coors 995 (pink) 
4. Linde Single  Crys t a l  Ruby 
5. Degussa AL-23 
Diameters of feed  rods ranged from 0.016 t o  0.125 inches (0.0406 t o  0.318 cm). 
Chemical ana lyses  of t h e  feed rods are summarized i n  Table I V .  
TABLE I V  
SUMMARY OF FEED ROD CHEMICAL ANALYSES 
(percentage by weight) 
McDanel McDanel Coors 995 
Impurity AP- 35 AV- 30 (pink) 
s 22 Cr203 
S i 0 2  .7 3.0 .16 
.07 .1 e 05 Fe203 
MnO 
MgO .07 1.1 .23 
Sn02 
CaO .03 .22 e 05 
Na20 e 05 06 a 05 
Deguss a 
Linde Ruby AL-23 
5 . 8  ' 






- 2  
e 07 '2'3 
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B o  Heating Technique 
1 e Incandescent Heater 
a. p y r o l y t i c  g raph i t e  (Raytheo Union Carbide) 
b e  g raph i t e  (Ul t r a  Carbon) 
c. v i t r e o u s  carbon 
d tungs ten (General E l e c t r i c )  
e. molybdenum (unknown source) 
(At omer g i  c Cheme t a1 s ) 
2. C02 Laser 
- .  
a. a 10 w a t t  Holobeam model 20-1 
C. Growth Conditions 
1. up and down p u l l i n g  
2.  seeded and unseeded growth 
3.  a t t e n u a t i o n  r a t i o s  between 1/1 t o  20/1 ( length b a s i s )  
4 .  growth rates between 0.7 t o  70 inches (1.7 t o  170 cm) 
pe r  hour 
5. a i r ,  argon, helium, n i t rogen ,  nitrogen-hydrogen, argon- 
helium, and vacuum atmospheres. 
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TABLE I11 
SUMMARY OF FIBER GROWTH RUNS 
Feed Rod 
Diameter 
( i n . )  
0.125 
Hole 
S i z e  Feed Rod 




( i n . )  
0.250 
Zone Cavi ty  
Temperature Temperature 
( F) 
10(N2) 3416 3704 
Atmosphere 0 
(ps id (OF) 
Growth At tenuat ion  R a t i o  
Rate Growth Rate 
( i n / h r )  Feed Rate 
- - - -  2.0 
Top of Heater 
Temperature 
(OF) 
Heat ing  Heater  
Assembly M a t e r i a l  




A$03 mel ted and f i l l e d  carbon c a v i t y ,  dark 
c o l o r a t i o n  observed. 
A1203 mel ted ,  dark c o l o r a t i o n .  
A1203 had a n  o u t e r  c o r e  of dark m a t e r i a l  and an 
inner  c o r e  o f  what appears  t o  be unmolten m a t e r i a l .  
M a t e r i a l  d i d  not  mel t ,  bu t  evidence of a p p r e c i a b l e  
d e p o s i t s  of  carbon on t h e  alumina feed rods.  
Severe a r c i n g .  
Arcing . 
Could j u s t  m e l t  lower rod ,  system appeared 
c l e a n e r .  
A1203 mel ted ,  bu t  dark  c o l o r a t i o n .  
Mel t ing  and some necking of sample when lower rod 
was fed i n  a t  a s lower r a t e  than top rod.  However, 
sample appeared milky. Arcing a l s o  appeared which 
caused a shut-down of  t h e  system. 
P a r t i a l  m e l t i n g ,  b u t  carbon d i s k  developed a crack.  
M a t e r i a l  mel ted r a p i d l y .  Lost  zone. 
M a t e r i a l  mel ted and necked down by c o n t r o l l i n g  
lower rod feed r a t e .  
Molybdenum melted ( p o s s i b l e  r e a c t i o n  wi th  B N )  
Tungsten showed molten s u r f a c e  ( r e a c t i o n  with B N )  
3.5 inches  of f i b e r  grown wi th  a t t e n u a t i o n  r a t i o  
changed i n  steps u n t i l  lost zone a t  7 : l .  
D i f f i c u l t  t o  s e e  m e l t i n g ,  l o s t  zone. 
I n i t i a l l y  necked down A1203 but  t h e  rod s o l i d i f i e d  
and when remelted the  zone was l o s t .  
Easy s t a r t ,  b u t  l o t  of  v a p o r i z a t i o n  and whisker  
format ion ,  probable  c o n t a c t  w i t h  h e a t e r - - l o s t  zune. 
S t a r t e d  zone, but  touched h e a t e r ,  zone l o s t - -  
temperature  measured p r i o r  t o  i n i t i a t i o n  of growth. 
Grew 4 inches  of f i b e r  whi le  p r o g r e s s i v e l y  ahanging 
a t t e n u a t i o n  t o  l O : L ,  then  saw zone shape change and 
l o s t  zone a t  11:l. Temperature measured  prior t o  
i n i t i a t i o n  of growth. 
Raytheon P.G. no change n o t i c e d  a f t e r  n e a t i n g  
10 minutes .  
2 
3 
I g r a p h i t e  







I g r a p h i t e  0.125 0.1875 A 0.125 ---- - -__  l o  
( 9 O%N2- 1 O%H2) 
10(Ar) 3218 3668 
30(Ar) 3218 3 704 
15(30%Ar- 3488 4028 
70%He) 
W N 2 )  3344 3920 
t o r r  3434 3812 
2.0 - - - -  4 
5 A  
5B 
5c 
I g r a p h i t e  
I g r a p h i t e  












I g r a p h i t e  







I1 g r a p h i t e  
I1 g r a p h i t e  










10(Ar) 3488 4262 
3416 4028 10(Ar) 
10(Ar) - - - -  - - - -  
42 62 
4028 




3524 10(Ar) _- -_  
10(Ar) 3416 3956 
















- - - -  2.0 
2.0 
'2.0 1:l t o  6 : l  












10(Ar) 3272 4424 
10(Ar) 3713 4622 
4028 
4136 
16 II P .G . 0.125 0.156 C 0.125 4352 t 10(Ar) - - - -  3714 + _ - - -  2 .o 
1 7 A  I1 P.G. 0.125 0.1875 C 0.125 10 (Ar) 3 344 4208 t 3416 + 
0.125 0.1875 C 0.125 10 (Ar) 3344 4208 3416 2 .o 1:l t o  10:1 1 7 B  I1 P.G.  
lO(Ar) ---- 3884 3056 0.125 0.1875 1 8A 
18B 
I sc 
TT P .G 
3326 Raytheon P.G. heated 10 minutes ,  s l i g l i t  change i n  
c o l o r a t i o n  where BN wds i n  c o n t a c t  w i t h  P.G. 
Temperature drop of  160' F i n  10 minutes ,  *arbon 
r i n g  0,0U3 inches t h i c k  on o u t s i d e  diameter  a f  P.G, 
0.125 0.1875 I1 P.G.  
10(Ar) 45 - - - -  4694 3722 I1 P . G .  0.125 0.1875 

TABLE I11 (Cont.) 
SUMMARY OF FIBER GROWTH RUNS 
Heater Hole Feed Rod 
Thickness  S i z e  Feed Rod Diameter 
( i n . )  ( in . )  Material ( i n . )  
Zone Cavi ty  Top of  Heater Growth A t t e n u a t i o n  R a t i o  
Atmosphere Temperature Temperature Temperature Rate Growth Rate 
( p s i &  (OF) (OF) (OF)  (in./hr) Feed R a t e  
Heat ing  Heater 
Run No. Assembly Material Comments 
_-- -  5072 4028 - -  ---- Temperature drop of 500' F i n  10 minutes ,  some 10 (Ar) 
10 (Ar) _ - _ _  5198 43 16 - -  - - - -  Temperature drop of 500' F i n  10 minutes ,  
de lamina t ion  e v i d e n t .  
de lamina t ion  e v i d e n t .  
- - - -  4307 3452 -- ---- Union Carb ide  P y r o l y t i c  g r a p h i t e .  No change 10(Ar) 
10 (Ar) _ - _ _  4667 3740 - -  - - - -  Temperature drop of 80' F a f t e r  10 minutes .  
10 (Ar) _---  4892 4064 - -  - - - -  Temperature drop of 320' F a f t e r  10 minutes--see 
a f t e r  10 minutes  hea t ing .  
de lamina t ion  t a k i n g  p lace .  
0.125 0.1875 - - - -  18D I1 P.G. 
-I-- 0.125 0,1875 18E  I1 P.G. 
- - - -  0.125 0.1875 1 9 A  I1 P.G.  
---- 0.125 0.1875 
0.125 0.1875 - - - - -  
19B I1 P.G. 
19c I1 P.G.  
-- - - - -  G r a p h i t e  needed more power from RF u n i t  t o  r e a c h  ---- 3992 _-- -  10(Ar) 
10(Ar) - - - -  4352 - -  ---- Temperature drop of 90' F i n  10 m i n u t e s - - r e a c t i o n  
t h i s  t e m p e r a t u r e - - s l i g h t  r e a c t i o n .  
---- 
w i t h  boron n i t r i d e .  
2 OA I1 g r a p h i t e  - - - -  0.125 0.1875 
20B I1 g r a p h i t e  - - - -  0.125 0.1875 
- - - -  ---- 2.0 1:l t o  1 O : l  2.5 inches  of f i b e r  grown a t  vary ing  a t t e n u a t i o n  ---- 10(Ar) 
r a t i o s  up t o  1O:l--1.5 i n c h e s  of 1 O : l  a t t e n u a t i o n  
r a t i o  grown a t  2 i n c h e s f h o u r ,  b u t  zone d iameter  
n o t  s t a b l e - - o n  i n c r e a s e  of  p u l l i n g  speed material  
necked o f f .  
2 1  I1 P .G.  0.125 0.1875 C 0.125 
lO(Ar) 3920 4388 3560 5 inches  of f i b e r  grown; when molten zone i s  below 
P.G. cone shape f l a t t e n s  out  and f i b e r s  s e p a r a t e  
a f t e r  a w h i l e ,  when molten zone i s  kept  i n s i d e  
P.G. heated zone ( i . e . ,  l e s s  power). A s t a b l e  
growth zone was maintained a t  an a t t e n u a t i o n  r a t i o  
of  9 : l .  
1:l t o  9 : l  2.0 0.125 0.1875 C 0.125 22 I1 P.G. 
3398 + 4352 + 3542+ 7 .O 10: 1 3 .5  inches  of f i b e r  grown wi thout  i n t e r r u p t i o n  a t  
a c o n s t a n t  a t t e n u a t i o n  r a t i o ;  molten zone v i s i b l e  
i n  h e a t e r .  Temperature measured p r i o r  t o  i n i t i a -  
t i o n  of growth. 
23 11 P.G.  0.125 0.1875 D 0.125 10 (Ar) 
24 I1 
25 I1 
P.G.  0.125 0.1875 D 0.125 10(Ar) 
P .G .  0.125 0.1875 D 0.125 10(Ar) 
7 .O 
- -  
20: 1 
- - - -  
0 .25  i n c h e s  of f i b e r  grown; could not  main ta in  
zone. 
P y r o l y t i c  g r a p h i t e  hole  was tapered  a t  45' f o r  
0.062 inches  a t  t h e  base.  Could not  s e e  molten 
zone,  
I1 26 P.G. 0.125 0.1875 D 0.125 10(Ar) 3416 4172 + 3272+ 21 10: 1 2.5 inches of f i b e r  grown without  i n t e r r u p t i u r i  
a t  a c o n s t a n t  a t t e n u a t i o n  r a t i o  a f t e r  s e v e r a l  
s t a r t s .  T o t a l  f i b e r  l e n g t h  exceeds 5 inches.  
Temperature measured p r i o r  t o  i n i t i a t i o n  of 
growth. 
4 7  

TABLE 111 (Cont.) 
SUMMARY OF FIBER GROWTH RUNS 
Zone Cavity Top of Heater  Growth At tenuat ion  R a t i o  
Growth Rate Atmosphere Temperature Temperature Temperature Rate 
b i g )  (OF) (OF) (OF) ( i n . / h r )  Feed Rate 
Heater Hole Feed Rod 
Heat ing Heater Thickness  S i z e  Feed Rod Diameter 
Run No. Assembly Material ( i n . )  ( i n . )  Material ( i n . )  Comments 
27  I1 P.G. 0.125 0.1875 D 0 ,125 -- 10: 1 Could not  s t a r t  a run  a t  speeds f a s t e r  t h a n  21 
inches per  hour .  
---- ---- ---- 7 2: 1 P y r o l y t i c  g r a p h i t e  ho le  w a s  t apered  a t  45O f o r  
0.062 inches  a t  t h e  top.  Could n o t  main ta in  
molten zone. 
---- ---- ---- 10(Ar) 
10(Ar) 
---- - -  _- - -  V i t r e o u s  carbon cracked r i g h t  a f t e r  A1203 melted--  330% 4064+ 10 (Ar) 
t r y  smaller hole  s i z e .  
With a n  a t t e n u a t i o n  r a t i o  of  1 O : l  could  n o t  go over  
20 inches  p e r  hour;  w i t h  a n  a t t e n u a t i o n  r a t i o  o f  
3 : l  went as h i g h  as 70 inches  p e r  hour b u t  ob ta ined  
a v e r y  nonuniform rod d iameter .  
3704 4496 3992 3-70 2: 1-10: 1 10 (Ar) 
28 I1 P . G .  0 ,125  0.1875 D 0.125 
29 I1 V i t r e o u s  0.081 0.216 D 0.125 
Carbon 
30 I1 P.G. 0.063 0.1875 D 0.125 
Got t o  mel t ing  p o i n t  of Al2O3, b u t  carbon cracked.  31  V i t r e o u s  
Carbon 
0.081 0.185 D 0.125 10(Ar) 
32 P.G. 0.063 0.125 D 0.063 10(Ar) 3722 4496 4118 2 10: 1 Zone unstable--had s e v e r a l  s t a r t s  b u t  on ly  ob- 
t a i n e d  112 i n c h  of m a t e r i a l .  
33 0.125 0.125 0.063 10 (Ar) P.G. D Zone molten b u t  v i s i b i l i t y  t o o  l i m i t e d  f o r  f i b e r  







P .G.  
P.G. 












-_ - -  
4442 
4496 
- - -_ 
3902 
3992 







Got 5-112 inches  A1203 f i b e r  w i t h  one r e s t a r t .  
Got 7 i n c h e s  A1203 f i b e r .  
Could grow a t  speeds up t o  60 inches p e r  hour-- 
s e p a r a t e d  a t  70 inches  p e r  hour. 
G r e w  6 inches  of f iber - - rough s u r f a c e .  
Grew 6 inches  of f i b e r  a t  d i f f e r e n t  p u l l i n g  
speeds--rough s u r f a c e .  
Could not  grow w i t h  a t t e n u a t i o n  r a t i o s  g r e a t e r  




















- - - -  
3632 
-___  




39 I1 P . G .  0.063 0.0937 0.063 -11(Ar) 13 5: 1 D 
40 P . G .  0.063 0.0937 0.063 - 11( Ar) 3884 4442 3812 2 5: 1 Could not grow w i t h  a t t e n u a t i o n  r a t i o s  g r e a t e r  
than  5 : l .  
D 
41  11 P.G.  0.063 0.0937 0.063 10 (He) 2 10: 1 Surface  rough. D 
49 

TABLE I11 (Cont.) 
SUMMARY OF FIBER GRGVTH RUNS 
Top of  Heater  Growth At t enua t ion  R a t i o  Cavi ty  Heater  Hole Feed Rod Zone 
Heater  Thickness  S i z e  Feed Rod Diameter Atmosphere Temperature Temperature Temperature Rate  Growth R a t e  
(In) Mate r i a l  ( in )  (us  id (OF) (OF) (OF) ( in /h r )  Feed Rate  Heat ing Run N o .  Assembly M a t e r i a l  ( in )  
Comments 
Could not m e l t  completely.  
molten c r a t e r s .  Spot s i z e  e s t ima ted  
a t  0.010". 
Noticed 4 
42A I11 
C .063 A i r  







A i r  
A i r  
A i r  
Melted e a s i l y .  G r e w  5". Sur face  q u i t e  rough. 
Four inches  of f i b e r  grown. Surface  much 
smoother t han  42C. 
t o  f i b e r .  




3: 1-6: 1 
Five  inches  of f i b e r  grown. 
Seven and one-half  inches  of f i b e r  grown. 
F l u c t u a t i o n  i n  d iameter  probably due t o  non- 
uniform feed  r a t e .  








A i r  
A i r  










A i r  
A i r  
Three and one-half  inches of f i b e r  grown. The 
f i b e r  was grown i n  a downward d i r e c t i o n .  
Zone u n s t a b l e  and d i f f i c u l t  t o  c o n t r o l .  
zone obta ined  due t o  t o o  much power 
Lazer power decreased w i t h  v a r i a b l e  t r a n s -  
former.  
Rod hea ted  from t h r e e  s i d e s  (2-180' a p a r t  
3rd 90' from o the r  two).  
r i a l  wi th  an  of f  c e n t e r  zone.  
Three and one-half  inches of f i b e r  grown. 
Zone more d i f f i c u l t  t o  main ta in .  
Three and one-half  inches of f i b e r  grown. 
Zone d i f f i c u l t  t o  main ta in .  
o f f  c e n t e r  and sepa ra t ed  e a s i l y .  
Long 
S ix  inches of f i b e r  grown, 
G r e w  5" of mate- 
Growth zone 
0 .7-2  1: 1-3: 1 A i r  
49 I11 E 0.016 A i r  0.7-2 3: 1-4: 1 
50 111 -A E 0.020 A i r  2 4: 1 
51 111-B E 0.020 A i r  4 .5 : l  2 
2 4 .5 : l  52 111-c E 0.020 A i r  
53 111 E 0.020 A i r  2.0-7 .1  5 .5 : l  Seven inches of 0.0085" diameter  f i b e r  
growth. Zone appeared more s t a b l e  a t  
h ighes t  growth r a t e s .  
Four and one-half inches of 0.008' '  
d iameter  f i b e r  grown. 
Eight  inches of 0.008' '  d iameter  f i b e r  
grown. 











A i r  
A i r  
A i r  
5 . 5 : l  
5 .5 :1  





5 1  

TABLE 111 (Cont.) 
SUMMARY OF FIBER GROWTH RUNS 
Feed Rod 
Heating Heater  Thickness  S ize  Feed Rod Diameter 
Heater  Hole 
Run No. Assemblv Mate r i a l  ( i n . )  ( i n . )  M a t e r i a l  ( i n . )  
57 I11 E 0.020 
58 111 E 0.016 
59 111 E 0.020 
60 I11 E 0.020 
A- 1 I V  P.G. 0.050 0.093 E 0.062 
A- 2 I V  P.G. 0 .050 0.093 E 0.062 
A- 3 I V  P.G. 0.050 0.080 E 0.062 
A-4 
A- 5 
I V  P.G. 0 .050 0.080 E 0.062 
I V  P.G. 0.050 0.080 E 0.062 
Zone Cavi ty  Top of Heater  Growth 
(ps in)  (OF) (OF) ( F) ( i n /  hr)  


















At tenuat ion  Rat i o  
Growth Rate  
Feed Rate  
4: 1 
1: 1 
5 .5 : l  
5 .5 : l  
3 .6  
1 : 1-4.8: 1 




Four inches  of 0.010" d iameter  f i b e r  
grown. Smoother f i b e r  a t  h ighes t  
growth r a t e s .  
D i f f i c u l t y  main ta in ing  zone. Rough 
f i b e r  produced. 
Smooth f i b e r  grown. Alignment 
reasonably  good. 
Same obse rva t ion  a s  Run 59. 
F i b e r  pu l l ed  i n  downward d i r e c t i o n .  
Bubbles observed b u r s t i n g  on s u r f a c e  
of zone. Rough f i b e r .  
Heater  burned out dur ing  run.  
Sa tu rab le  co re  r e a c t o r  power supply run  
on manual c o n t r o l .  F ibe r  d iameter  f l u c -  
t u a t e d  when f r e e z i n g  i n t e r f a c e  approxi-  
mately 0.020 above s u r f a c e  of h e a t e r .  
Smooth f i b e r  when loca ted  a t  upper 
s u r f a c e  of h e a t e r .  
Four inches of 0.020" diam. f i b e r  grown 
a t  8 .7"/hr  and remainder a t  17.4"/hr .  
F reez ing  i n t e r f a c e  moved up above h e a t e r  
a t  h ighe r  growth r a t e .  Heater  tempera- 
t u r e  lower t o  b r i n g  f r e e z i n g  i n t e r f a c e  
t o  same l e v e l  a s  t o p  h e a t e r .  
Feed rod zone melted a t  23.8"/hr and 1:l 
a t t e n u a t i o n  r a t i o  i n  downward d i r e c t i o n  
then  f i b e r  grown i n  upward d i r e c t i o n  
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SUMMARY OF FIBER GROWTH RUNS 
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Batch 11 
Batch 12 
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4460-4660 3955-4280 22.8 10/ 1 Ten unseeded f i b e r s  grown. 
Ten f i b e r s  grown us ing  O o  TYCO f i b e r  as seed .  
of p rocess  good. 
Con t ro l  of p rocess  good. 
Control  4030-4250 22.8 10/1 
4170-4210 43.5 10f 1 Five  f i b e r s  grown. F i b e r  d i ame te r  o s c i l l a t e d .  Fiber  
v i b r a t i o n  noted.  
4040-4150 22.8 1011 Eigh t  f i b e r s  grown. F i b e r  d i ame te r  tended t o  o s c i l l a t e  
and c o n t r o l  more d i f f i c u l t  t han  Batches 1 and 2. 
3940-4030 
4030-4065 
Five  f i b e r s  grown. Con t ro l  b e t t e r  t h a n  i n  Batch 4 .  22.8 10/1  
22.8* 10/ 1 Eleven f i b e r s  grown i n  downward d i r e c t i o n .  Con t ro l  
of p rocess  good a f t e r  t h i r d  f i b e r .  Zone appeared t o  
have d i f f e r e n t  shape t h a n  u p - p u l l .  
3830-4030 22.8 10/1  S i x  f i b e r s  grown from feed rod  which w a s  premelted 
i n  vacuum. F i b e r  7-E grown i n  vacuum. F ibe r  d i ame te r  
tended t o  o s c i l l a t e .  
Zone d i f f i c u l t  t o  maintain.  F i b e r s  had rough, porous 
t e x t u r e .  
Zone d i f f i c u l t  t o  ma in ta in .  Zone broke o f f  as i f  t o o  
cold when temperature  lowered t o  po in t  where d i ame te r  
d i d  not  o s c i l l a t e .  
Heater f i l amen t  f a i l e d  when reached s u f f i c i e n t l y  h igh  
temperature  t o  m e l t  s i n g l e  c r y s t a l  feed rod .  Could no t  
s u s t a i n  f i b e r  growth run .  
B u r s t i n g  bubb les  on zone ad jacen t  t o  f i b e r  made i t  d i f f i -  
c u l t  t o  ma in ta in  s t a b l e  zone. Rough s u r f a c e  on f i b e r .  
B u r s t i n g  bubb les  caused zone t o  neck o f f  every 112 i nch  
of growth. 
Burs t ing  bubbles  caused zone and f i b e r  t o  v i b r a t e .  
Rough s u r f a c e  on f i b e r .  
Reproducing Ba tch  6 f o r  h igh  temperature  t e n s i l e  eamples, 
Reproducing Batch 5 f o r  high teniprr<>ture t e n s i l e  samples. 
Reproducing Ba tch  6 €or  high tempcraturc  t e n s i l e  samples. 
Reproducing U'itch 5 f < ) r  high tenlp rd turc  ta tis1 l e  scciiilbles 
22.8 1011 3900-4000 
4320 4800 22.8 1011 










3630 4300 2 . 1 7  1011 
22.8* 10/1 
22.8" 1011 





I = rf coil, BN support, disk heater 
I1 = rt coil, and concentrator 
I11 = 10 watt laser assembly heating from 4 sides 
IIIA = 10 watt laser assembly heating from 3 sides 
IIIB = 10 watt laser assembly heating from 2 sides 
IIIC = 10 watt laser assembly heating from I side 
IV = resistance heated 
A = McDanel AI? 35, 4 hole A1 0 
B = Sapphire single crystal 
C = McDanel AV 30 solid rod 
D = McDanel AI? 35 solid rod 
E = Degussa AL-23 
El= Degussa AL-23 hollow tube 
F = Coors AD 995 (pink) 
G = Linde Single Crystal Ruby 
insulating tube 
2 3  
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V. ltESTJLTS AND DISCUSSION OF FIBER GROWTH AND EVALUATION PROGRAM 
A. Thermal Analysis 
The agreement between p red ic t ed  incandescent f i lament  temperatures and 
t h e  a c t u a l  "cavity" temperatures r equ i r ed  t o  produce s t a b l e ,  molten zones 
of A1203 w a s  gene ra l ly  good d e s p i t e  t h e  unrealistic approximations t h a t  were 
made f o r  zone shape. P red ic t ed  temperatures were 4350, 4685, and 4930°F 
(2400, 2585, and 2720°C) r e s p e c t i v e l y  f o r  zero,  1 / 2  feed rod r a d i u s  and 1 
feed rod r a d i u s  clearance between t h e  feed rod and g r a p h i t e  h e a t e r .  With 
few except ions,  o p e r a t i v e  temperatures ranged between 4350 and 4500°F 
(2400 and 2485OC) i n  t h e  cavit ies of p y r o l y t i c  g r a p h i t e  and g r a p h i t e  h e a t e r s .  
There was s u f f i c i e n t  v a r i a t i o n  between ope ra t ing  temperatures observed wi th  
d i f f e r e n t  h e a t e r s  under nominally i d e n t i c a l  growth condi t ions t h a t  t h e r e  is  
l i t t l e  use  i n  making a d e t a i l e d  examination of t h e  e f f e c t  of v a r i e d  geo- 
metry and ambient atmosphere on ope ra t ing  temperature.  
t h e  observed temperatures were gene ra l ly  lower than ca l cu la t ed  temperatures.  
This discrepancy can b e  a t t r i b u t e d  i n  p a r t  t o  s i g h t i n g  on t h e  f i lament  
through a 1 / 2  inch (1.27 cm) t h i c k  Pyrex window by way of a mi r ro r  i n s i d e  
t h e  furnace.  Observations made d i r e c t l y  on t h e  f i lament  were approximately 
150°F (85°C) h o t t e r  than when t h e  mi r ro r  w a s  used. 
done t o  provide a b e t t e r  viewing angle.  Also, c a l i b r a t i o n  of t h e  pyrometer 
t o  NBS s t anda rds  i n d i c a t e d  t h a t  i n d i c a t e d  temperature (Micro O p t i c a l  Pyro- 
meter, Pyrometer Instrument Co., Bergenfield,  Vermont) were low by approxi- 
mately 135°F (75°C) i n  this temperature range. The va lues  r epor t ed  i n  
Table I11 are uncorrected readings.  With these  two co r rec t ions ,  t h e  opera- 
t i n g  temperatures are more n e a r l y  i n  agreement wi th  those c a l c u l a t e d  f o r  
g r a p h i t e  h e a t e r s  and p o l y c r y s t a l l i n e  feed rods a 
It can b e  s a i d  t h a t  
The l a t t e r  w a s  gene ra l ly  
S ing le  c r y s t a l  s apph i re  and ruby feed rods were n o t  s u c c e s s f u l l y  
melted i n  f i b e r  growth runs.  
molten (Runs 2 ,  1 15 and Batch 10)  ; howeverg the  zones behaved as i f  they 
were n o t  molten ac ross  t h e i r  e n t i r e  c ros s  s e c t i o n s .  It is probable t h a t  t h e  
absence of photon s c a t t e r i n g  i n  these  pore-free,  s i n g l e  c r y s t a l  f eed  rods 
The s u r f a c e s  of t h e s e  feed rods appe 
f a c t  r e s u l t  i n  incomplete mel t ing of t h e  feed rod. A t  t h e s e  tempera- 
t u r e s $  t h e  f r a c t i o n  of h e a t  t r ansmi t t ed  by photons can exceed t h a t  t r ansmi t t ed  
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by phonons by s e v e r a l  o rders  of magnitude when s c a t t e r i n g  s i tes  are e l i m i -  
nated e (2) P y r o l y t i c  g raph i t e  h e a t e r s  degraded and f a i l e d  when cav i ty  tem-  
pe ra tu re s  exceeded 4700'F (2600OC). 
A l l  a t tempts  t o  use tungsten and molybdenum i n c h d e s c e n t  hea te r s  were 
unsuccessful .  I n  t h e  r f  heated apparatus  used i n  the  i n i t i a l  runs,  the  
metals r eac t ed  wi th  BN i n s u l a t o r s  at temperatures t h a t  were w e l l  below those 
requi red  f o r  f i b e r  growth. 
rods were melted wi th  0.060 inch (0.152 cmlthick tungsten h e a t e r s  with 0.080 
inch (0.203 cm) diameter ho le s  a t  ind ica t ed  temperatures of approximately 
4170'F (2300'C). Again, t h i s  compares favorably with 5075OF (28OOOC) calcu- 
l a t e d  f o r  a c lose ly  coupled feed rod and incandescent h e a t e r  when the  same 
temperature co r rec t ions  p l u s  t h a t  a t t r i b u t e d  t o  the  low emiss iv i ty  are made. 
F ibers  could not  be  drawn from these  molten zones because t h e  melts became 
contaminated when t h e  feed rods contacted t h e  hea te r s .  D i s to r t ions ,  which 
occur during hea t ing ,  exceeded t h e  clearance between t h e  h e a t e r  and feed 
rods i n  these  runs.  
The 0.062 inch (0.151 cm) diameter A1203 feed 
The r e s u l t s  of t h e  power requirement ana lys i s  f o r  C02 laser hea t  sources 
are summarized i n  Table V. These r e s u l t s  were based on t h e  same assumed 
geometry used f o r  incandescent fiqament h e a t e r s  and were found t o  be i n  good 
agreement wi th  repor ted  laser melt ing experiments when sca l ed  down t o  the  
co r re c t dimensions e (394) 
TABLE V 
ESTIMATED POWER REQUIREMENT§ FOR C02 LASER HEATING 
Molten Zone Molten Zone Radia ion  Conduction 
( i d  (cm) ( i n >  ( 4  (wat ts)  (wat ts)  (wat ts)  
Tota l  -Height Diameter Loss Loss 
Unshielded 0 .1  0.254 0.1 0.254 32 13  45 
.0 .05  0.127 0,05 0.127 5.5 4.4 9.9 
0.05 0,121 0 , l  0.254 19 1 3  32 
0.025 0,063 0,05 0.127 3 * 3  4 , 4  7.7 
One Shield 0.1 0.254 0,1 0,254 1 5  1 3  28 
around 0.05 0.127 0.05 0.127 Molten Zone 2.6 4 . 4  7 , O  
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These estimates assumed t h a t  t h e  pu l l ed  f i b e r  is  s m a l l  compared t o  t h e  
feed  rod. While no t  accounting f o r  t h e  shape of t h e  zone i n  d e t a i l ,  t hese  
estimates suggested t h a t  a 10 w a t t  u n i t  would be  capable of mel t ing a feed 
rod 0.05 inch  (0.127 cm) i n  diameter ,  unshielded and a s l i g h t l y  l a r g e r  rod 
i f  i t  were sh ie lded .  
On t h e  b a s i s  of t hese  c a l c u l a t i o n s ,  t h e  10 w a t t  GO2 laser and o p t i c a l  
bench descr ibed i n  a previous s e c t i o n  w a s  assembled. 
designed t o  focus the  beam i n t o  four  0.010 inch (0.0254 cm) diameter s p o t s  
on t h e  feed rod. 
The o p t i c s  were 
I n i t i a l  a t tempts  t o  m e l t  0.031 inch (0.0787 cm) and 0,062 inch (0.157 cm) 
diameter feed  rods were unsuccessful .  
t h e  l a r g e r  feed rod and t h e  e n t i r e  c ros s  s e c t i o n  of t he  0.031 inch (0.0787 cm) 
diameter feed  rod could no t  be  melted.  Feed rods 0.020 inch (0.05 cm) i n  
diameter were e a s i l y  melted and f i b e r s  drawn from them. 
wi th  0.016 inch (0.0406 cm) diameter feed rods wi th  f u l l  laser power were 
too  long t o  be s t a b l e .  
Four molten c r a t e r s  were produced on 
The zones produced 
The output  power of t h e  laser w a s  not  measured ca lorometr ica l ly ,  s o  
i t  is not  p o s s i b l e  t o  comment with c e r t a i n t y  whether t he  apparent discrepancy 
i n  mel t ing capac i ty  r e s u l t e d  from inaccura t e  c a l c u l a t i o n s ,  lower than r a t e d  
output  power from t h e  laser, o r  l o s s e s  i n  t h e  mi r ro r  op t i c s .  
It is c l e a r  t h a t  t h e  analyses  were q u i t e  accura te  desp t e  t h e  u n r e a l i s t i c  
It i s  probable t h a t  i t  would be use fu l  t o  expand zone shape t h a t  w a s  assumed. 
t he  ana lyses  t o  inc lude  the  e f f e c t  of small levels of poros i ty  on hea t  t rans-  
f e r r e d  through t h e  f i b e r  because r a d i a n t  (photon) hea t  t r a n s f e r  can exceed 
phonon t r a n s f e r  by several orders  of magnitude i n  A1203 when it  is f r e e  of 
s c a t t e r i n g  sites. I f  incandescent h e a t e r  f i b e r  growth experiments were t o  
be continued, i t  would be advisable  t o  consider  t h e  zone shape - hea t  t rans-  
f e r  problem i n  d e t a i l  t o  analyze the  e f f e c t  of v a r i a b l e  hea t - t r ans fe r  coupling- 
e f f i c i e n c y  on zone s t a b i l i t y .  
B. Fiber  Morphology and Micros t ruc tura l  Features  
1. Shape and Dimensional Uniformity 
The f i b e r s  had e x c e l l e n t  a x i a l  and r a d i a l  dimensional uniformity 
when produced under growth condi t ions where r e g u l a r ,  c y c l i c  diameter 
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f l u c t u a t i o n s  d id  n o t  p e r s i s t ,  
e i g h t  r ep resen ta t ive  f i b e r s  are given i n  Table V I .  
The r e s u l t s  of micrometer measurements of 
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D i e t e r ( i n )  Difference 
(in) (cm) 
from wt/lennth (percent) 
0.0193 0.0490 6.3 
0.0197 0.0500 1.5 
0.0192 0.0488 2.0 
0.0196 0.0498 4.3 
0.0190 0.0483 2.0 
0.0190 0.0483 2.0 
0.0193 0.0490 2 .5  
When f i b e r s  were grown under condi t ions where the  incandescent f i l a -  
ment thickness  exceeded t h e  f i b e r  diameter by more than 2,5 times and/or 
i f  t h e  incandescent h e a t e r  was too  h o t ,  t he  diameter of t h e  f i b e r  cycled 
about i t s  mean value.  The wavelengths of t h e  f l u c t u a t i o n s  were i n  reason- 
a b l e  agreement wi th  the  va lues  pred ic ted  by Equation 10 (5 t o  10 f i b e r  
d iameters ) ;  however, the  amplitude d id  no t  diminish as predic ted .  
s i s t e n c e  of t h e  o s c i l l a t i o n  is bel ieved  t o  r e s u l t  from i n t e r a c t i o n  of hea t  
t ransmi t ted  t o  t h e  zone and zone shape. It i s  suspected t h a t  t h e  assumption 
of cons tan t  zone he ight  w a s  not  r e a l i z e d  with t h e  closely-coupled incandes- 
cent-heated f i b e r  growth runs.  The amplitude of p e r s i s t e n t  diameter var ia -  
t i o n s  was of t he  order  of 10% of the  f i b e r  diameter.  I f  s i g n i f i c a n t l y  
smaller, they damped out  and i f  S i g n i f i c a n t l y  l a r g e r ,  they amplif ied and 
f i n a l l y  caused t h e  zone t o  neck o f f ,  
The per- 
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There i s  i n s u f f i c i e n t  da t a  t o  d iscuss  t h e  dimensional s t a b i l i t y  of t h e  
laser hea ted  f i b e r s  q u a n t i t a t i v e l y .  Sect ions up t o  two inches i n  length  
were as good-or b e t t e r  than the  b e s t  inca  descent f i l ament  grown f i b e r s  a 
With only a few except ions ,  d i s t o r t i o n s  i n  the  feed  rod caused t h e  feed 
rod t o  d r i f t  ou t  of t he  f o c a l  p o i n t  of t he  o p t i c a l  system a f t e r  two t o  
t h r e e  inches  of growth. Once t h i s  occurred,  t h e  f i b e r  su r face  w a s  rough 
and i r r e g u l a r  due t o  incomplete melting. 
t h a t  t h e  dimensional q u a l i t y  of t h e  laser heated f i b e r s  w a s  nea r ly  t h e  same 
as those  cha rac t e r i zed  i n  Table V I .  
It is  reasonable  t o  conclude 
2. Surface C h a r a c t e r i s t i c  
The ambient atmosphere w a s  found t o  have a s i g n i f i c a n t  e f f e c t  on t h e  
smoothness of t h e  f i b e r s .  The d i f f e rences  t h a t  were observed were a t t r i -  
buted t o  t h e  e f f e c t s  of gases coming out  of s o l u t i o n  a t  the  s o l i d i f y i n g  
i n t e r f a c e .  
When helium o r  vacuum atmospheres were used f o r  f i b e r  growth runs,  
b u r s t i n g  bubbles were observed on t h e  su r face  of t h e  zone. 
t h e i r  e f f e c t  w a s  s u f f i c i e n t  t o  cause the  f i b e r  t o  v i b r a t e  with an amplitude 
of approximately one diameter ,  Their  e f f e c t  w a s  reduced by lowering growth 
rates although smooth su r faces  were n o t  achieved wi th  e i t h e r  
vacuum atmospheres. 
provement s i n c e  bubbles b u r s t  ad jacent  t o  the  melt ing i n t e r f a c e  r a t h e r  than 
t h e  f r eez ing  i n t e r f a c e .  
Occasional ly ,  
helium o r  
P u l l i n g  i n  the  downward d i r e c t i o n  also gave some im- 
5 2  The f i b e r s  grown i n  an argon atmosphere a t  1 p s i g  (1.1 x 10  N/m ) had 
t h e  smoothest su r f aces  produced by incandescent h e a t e r s .  Hydrogen and n i -  
rogen gases  o r  t h e i r  mixtures could not  be used wi th  g raph i t e  h e a t e r s ,  
The hydrogen produced a soot - l ike  f i lm;  presumably by t r anspor t ing  carbon 
as methane. 
When pure n i t rogen  atmospheres were used wi th  g raph i t e  incandescent 
h e a t e r s ,  a equiaxed p o l y c r y s t a l l i n e  sk in  w a s  produced on t h e  f i b e r s .  The 
cause w a s  n o t  i d e n t i f i e d ,  bu t  i t  must be more complex than a simple r eac t ion  
with N2 because the  laser melted f i b e r s ,  which were a l l  grown i n  a i r ,  showed 
no evidence of a p o l y c r y s t a l l i n e  sk in .  
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3.  Poros i ty  
Poros i ty  w a s  observed i n  varying concentrat ions and d i s t r i b u t i o n s ,  and 
i n  some cases approached zero concentrat ion.  Two d i s t i n c t  d i s t r i b u t i o n s  of 
pores  were observed which were o r i en ted  with respec t  t o  t h e  f i b e r  growth 
a x i s .  I n  o the r  cases , the  pores  were randomly d i s t r i b u t e d  i n  t h e  f i b e r .  In  
a l l  p r o b a b i l i t y  t h e  t h r e e  d i s t r i b u t i o n s  r e f l e c t  d i f f e rences  i n  t h e  s o l i d i -  
f i c a t i o n  process;  however, q u a n t i t a t i v e  i n t e r p r e t a t i o n  cannot be made a t  
t h i s  t i m e  e 
Figures 1 7  and 18 are long i tud ina l  and a x i a l  s ec t ions  of Fiber  23. 
S t r i a t i o n  boundaries ( l i neage ) ,  pores concentrated i n  s t r i a t i o n  boundaries 
and a c e l l u l a r  network of t h e  boundaries are evident  i n  t h e s e  two photo- 
micrographs. These mic ros t ruc tu ra l  f e a t u r e s  are c h a r a c t e r i s t i c  of c e l l u l a r  
s o l i d i f i c a t i o n  i n t e r f a c e s  i n  which t h e  p lanar  s o l i d i f i c a t i o n  i n t e r f a c e  
breaks down t o  reduce t h e  d i s t ance  over which impur i t i e s  must d i f f u s e  while  
t he  i n t e r f a c e  advances a t  a uniform rate. The boundaries contain r e l a t i v e l y  
high impurity levels, and shr inkage c a v i t i e s  are l i k e l y  t o  occur the re  s i n c e  
these  are t h e  l as t  regions t o  s o l i d i f y .  Typical ly ,  t h e r e  i s  a c rys t a l lo -  
graphic  miso r i en ta t ion  across  t h e  boundaries.  X-ray Laue photographs showed 
t h e  miso r i en ta t ions  t o  be less than one degree i n  t h i s  case.  
Figure 19 shows Fiber  23 a t tached  t o  t h e  s o l i d i f i e d  zone fromwhich i t  
was grown. Macroscopically,  t h e  s o l i d i f i c a t i o n  i n t e r f a c e  i s  convex i n t o  
t h e  m e l t  and i s  no t  face ted ,  This  type of curva ture  promotes s i n g l e  c r y s t a l  
growth s i n c e  spurious su r face  n u c l e i  are re j ec t ed .  It is no t  poss ib l e  t o  
confirm, on t h e  b a s i s  of t h i s  photomacrograph, whether t h e  s o l i d i f i c a t i o n  
i n t e r f a c e  is  i n  f a c t  c e l l u l a r  as pos tu la ted ;  however, t he re  do appear t o  
be  i r r e g u l a r i t i e s  along the  i n t e r f a c e ,  
Many f i b e r s  exh ib i t ed  a c h a r a c t e r i s t i c ,  r egu la r  d i s t r i b u t i o n  of pores 
which were concentrated i n  planes t h a t  extend diagonal ly  across  the  f i b e r s .  
A t y p i c a l  example is  shown i n  Figure 20, 
o r f e n t a t i o n  of t he  planes va r i ed  from f i b e r  t o  f i b e r  and w a s  not assoc ia ted  
with any s p e c i f i c  c rys t a l log raph ic  plane.  The spacing between planes of 
pores  p a r a l l e l  t o  t h e  f i b e r  a x i s  was q u i t e  uniform i n  many f i b e r s  over t h e i r  
The C h a r a c t e r i s t i c  spacing and 
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7 t o  8 inch  (17 t o  20 cm) lengths .  The d i s t ance  between planes of pores  
along t h e  f i b e r  a x i s  is  of t h e  order  of 0.006 t o  0.010 inch (0.0152 t o  0.0254 cm). 
Pore s i z e s  were approximately 80 micro inches (2 x cm) i n  diameter and 
the  c h a r a c t e r i s t i c  d i s t ance  between pores  i n  the  planes is  i n  t h e  range of 
3 t o  10 pore diameters.  
I n  some cases ,  t h e  su r faces  of t h e  f i b e r s  showed d i s t i n c t  d i scont inui -  
t i es  along t h e  t r a c e s  of the  i n t e r s e c t i o n s  between the  f i b e r  su r faces  and 
t h e  planes of pores .  A p a r t i c u l a r l y  v i v i d  example i s  shown i n  Figure 21. 
The d i s c o n t i n u i t i e s  are a l s o  ev ident  along t h e  ou t s ide  p r o f i l e  of F iber  l-h 
i n  Figure 20. It appears reasonable  t o  s u s p e c t  t h a t  t he  causes of both the  
pores  l y i n g  i n  w e l l  def ined planes and the  i r r e g u l a r i t i e s  on t h e  su r faces  of 
t h e  f i b e r  may result from i r r e g u l a r ,  nonaxial  motion of t h e  f i b e r  during 
growth. Po ros i ty  of t h i s  type i s  o f t e n  observed along t h e  contour of t h e  
s o l i d i f i c a t i o n  i n t e r f a c e  when it suddenly advances f a s t  enough t h a t  t he  l i q u i d  
becomes supe r sa tu ra t ed  wi th  gas and t h e  bubbles are entrapped by the  advan- 
c ing  i n t e r f a c e .  I f  t h i s  i s  t h e  case, f i b e r  growth e i t h e r  does n o t  take p lace  
i n  a d i r e c t i o n  p a r a l l e l  t o  t he  f i b e r  a x i s  o r  t h e  growth i n t e r f a c e  is  h ighly  
face ted .  X-ray analyses  have shown t h a t  unseeded growth axes vary and t h a t  
t h e  traces on t h e  f i b e r  su r faces  do n o t  correspond t o  s p e c i f i c  c rys ta l lography 
planes.  Nei ther  is  c h a r a c t e r i s t i c  of face ted  growth. Also, t he  s o l i d i f i c a t i o n  
i n t e r f a c e  i n  Figure 19 d id  n o t  show a growth f a c e t .  The only remaining 
explana t ion  w e  have f o r  the  f i b e r  morphology and pore s t r u c t u r e  i s  t h a t  t h e  
growth rate i s  i r r e g u l a r  and t h a t  t h e  a c t u a l  d i r e c t i o n  of growth i s  no t  
p a r a l l e l  t o  t h e  f i b e r  a x i s .  
We were not  a b l e  t o  confirm t h a t  t h i s  type of growth process  was i n  f a c t  
opera t ive .  The zone and growing f i b e r  were viewed under s u f f i c i e n t  magnifi- 
c a t i o n  t h a t  i r r e g u l a r ,  macroscopic motion of t hese  dimensions and frequency 
should have been v i s i b l e .  None was observed wi th  t h e  except ion of t h a t  in- 
duced by b u r s t i n g  bubbles.  It i s  c l e a r l y  important t h a t  t he  cause(s )  f o r  
t h e s e  r egu la r ly  spaced planes be  i d e n t i f i e d  and e l imina ted  s i n c e  they w i l l  
l i m i t  the  s t r e n g t h s  of t h e  f i b e r s  t o  unacceptably low l e v e l s .  
Other f i b e r s  were e s s e n t i a l l y  f r e e  of pores  and the  few t h a t  remained 
were randomly d i s t r i b u t e d .  Examples of t hese  f i b e r s  re shown i n  Figure 22 
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condi t ions as F ibe r  A-13 (Figures 20 and 21) y e t  t h e  d i s t r i b u t i o n  of pores 
is q u i t e  d i s s i m i l a r .  F ibe r s  48 and 49 (Figure 23) were grown with t h e  C 0 2  
laser h e a t  source.. These two f i b e r s  are free of pores i n  t h e  s e c t i o n s  
photographed. The m i c r o s t r u c t u r a l  f e a t u r e s  i n  t h e  two f i b e r s  are pores i n  
t h e  mounting material which are v i s i b l e  through t h e  t r anspa ren t  f i b e r s  
Fiber  1--j (Figure 22) w a s  nominally grown under the  same process 
The l i n e  of l i g h t  extending the  l eng th  of Fiber  48 r e s u l t s  from l i g h t  re- 
f l e c t e d  from t h e  s u r f a c e s  of t h e  f i b e r .  
It is  apparent from t h e s e  photomicrographs t h a t  extremely high q u a l i t y  
f i b e r s  can be  produced by t h e  f l o a t i n g  zone f i b e r  growth process.  
a l s o  apparent t h a t  much has  t o  b e  l ea rned  about t h e  f a c t o r s  which cause 
m i c r o s t r u c t u r a l  d e f e c t s .  
It i s  
The d i f f e r e n c e s  between t h e  measured diameter and t h e  equivalent  diam- 
eter based on a weight p e r  u n i t  l eng th  is a good measure of t h e  diameter 
uniformity and po ros i ty .  This parameter is  t abu la t ed  i n  t h e  second t o  las t  
column i n  Table V I .  It can b e  seen t h a t  a l l  of t h e  equ iva len t  diameters 
are smaller than measured diameters,  and t h e  d i f f e r e n c e s  are gene ra l ly  of 
t h e  o rde r  of 0.0005 inch (0.00127 cm). I f  t h e  e n t i r e  d i f f e r e n c e  between 
t h e  two is  a t t r i b u t e d  t o  i n t e r n a l  p o r o s i t y ,  the volume percent  po ros i ty  
is  t h r e e  t i m e s  t h e  percentage d i f f e r e n c e  between t h e  two diameters.  
column i n  Table VI.) 
Direct measurements of p o r o s i t y  from m i c r o s t r u c t u r a l  analyses  i n d i c a t e  po- 
r o s i t y  levels i n  t h e  range of 1%. The discrepancy i s  due t o  t h e  f a c t  t h a t  
micrometer diameter measurements g ive  t h e  peak t o  peak d i s t a n c e ,  The d i f -  
ferences between t h e  measured diameter and t h e  equivalent  diameter is  
(Last 
On t h i s  b a s i s ,  p o r o s i t i e s  would range from 6 t o  18.9%. 
probably b e t t e r  measure of t h e  long wavelength s u r f a c e  roughness than po ros i ty .  
C. X-Ray Charac te r i za t ion  of F ibe r s  
F ibe r s  were subjected t o  X-ray Laue a n a l y s i s  t o  determine whether t he  
f i b e r s  were s i n g l e  c r y s t a l ,  t o  gain a q u a l i t a t i v e  eva lua t ion  of c r y s t a l  per- 
f e c t i o n  and t o  determine growth d i r e c t i o n s ,  
All of t h e  twenty f i b e r s  t h a t  were X-rayed were s i n g l e  c r y s t a l .  Fibers  
which were i n i t i a t e d  from p o l y c r y s t a l l i n e  feed rods gene ra l ly  were s i n g l e  
c r y s t a l  a f t e r  growing several diameters i n  l eng th ,  The progressive t r a n s i t i o n  
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stea%%ine t o  a s i n g l e  c r y s t a l  f i b e r  was r e a d i l y  
v i s i b l e  t o  t h e  eye. Both laser and i n c  descent  h e a t  sources  had t h e  same 
propens i ty  t o  induce s i n  y s t a l  growth, 
The degree t o  which d i f f r a c t i o n  s p o t s  s p l i t  OK smear is  a q u a l i t a t i v e  
measure of c r y s t a l  p e r f e c t i o n  s i n c e  t h e  t ire f i b e r  c ross  s e c t i o n  is imaged. 
The d i f f r a c t i o n  s p o t s  were genera l ly  sharp and t h e i r  s i z e  
t h e  f i b e r  diameter and t h e  divergence of t he  d i f f  ac ted  X-ray beam. Occa- 
s i o n a l  f i b e r s  showed misor i@nta t ions  ac ross  s t r i a t i o n  boundaries up t o  ap- 
as determined by 
oximately 2' e Even these  are considered good c rys t a l log raph ic  q u a l i t y  
f o r  bu lk  s i n g l e  c r y s t a l s .  
e growth d i r e c t i o n s  of all f i b e r s  grown p r i o r  t o  Batch 2 were un- 
con t ro l l ed .  Growth w s i n i t i a t e d  e i t h e r  from p o l y c r y s t a l l i n e  feed rods o r  
uncharac te r ieed  f i b e r s  from previous runs. No p re fe r r ed  growth d i r e c t i o n s  
were evident  from X-ray Laue ana lyses  of t h e s e  f i b e r s .  This  
c o n s i s t e n t  w i th  t h e  observat ion t h a t  f a c e t s  were not  ev ident  on t h e  growth 
e 19.  Faceted growth tends to r e s u l t  i n  p re fe r r ed  
th d i r e c t i o n s  * 
Fibers  grown i n  Batch 2 and a l l  subsequent KWLS ere i n i t i a t e d  from 
CO f i b e r s  (suppl ied by t h e  NAS ager ) .  These were nominally 
0' ~ i b e r ~  m d  X-ray 
ay analyses  of f i b e r s  
t f a u l t ,  It is probable t h a t  s u f f i c i e n t  
OC 
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De Tens i le  Tes t ing  
1. Test ing Technique 
The f i b e r  t e n s i l e  specimens were mounted i n  s l ende r  members t o  mini- 
mize bending moments induced i n  t h e  f ers by misalignment i n  the  t e s t i n g  
machine, 
inch  (30 t o  45 cm) long p ieces  of music w i r e  t o  which Oe75 inch (1.9 cm) 
long s e c t i o n s  of hypodermic tubing have been brazed coax ia l ly  on one end, 
The tub ing  is  s l o t t e d  f o r  approximately 0.5 inch (1.27 cm) 
bonded t o  t h e  two s l ende r  members wi th  epoxy cement i n  a j i g  which aligns 
a l l  t h r e e  p ieces  coaxia l ly .  The maximum d i f f e rence  between t h e  n e u t r a l  
axes of t he  music wires and t h a t  of t h e  f i b e r  was  0.015 inch (0.0381 cm) 
f o r  t h e  f i b e r  t e s t e d  t o  da t e .  
diameters.  The crosshead rate w a s  0.08 inch (0.2 cm) per  minute. 
These members c o n s i s t  of 0.050 inch (0.'127 cm) diameter ,  12  t o  18 
Fibers  are 
The gauge length  was a minimum of 50 f i b e r  
2. Resul t s  of Room Temperature Tens i le  Tests 
TABLE V I 1  
ROOM TEMPERATURE 'PENSILE STRFJJG'EHS 
Batch No. Tests Average Strength Standard Deviation 









































8 2  The maximum tensi le  s t r e n g t h  obsewed w a s  175,000 p s i  (12.06 x 10 N / m  ) 
8 2  (Batch 4), and t h e  lowest was 23,000 p s i  (1,59 x 10 M/m ) (Batch 2) ,  
Batch 1 seven p a i r s  of samples were taken from tops and bottoms of f i b e r s  
*Fibers 43, 449 45, 46, 48, 49, 52, 53, 54, 57. 
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f o r  comparisons. 
b u t  t h e  d i f f e r e n c e s  between t h e  averages [ top  = 73,962 p s i  (5.1 x 10  N/m ) ;  
bottom = 73,785 p s i  (5.09 x 10 N/m 11 w a s  n e g l i g i b l e .  
were taken from t h e  bottoms of f i b e r s .  Generally,  i t  was n o t  p o s s i b l e  t o  
determine whether' t h e  f i b e r s  broke away from t h e  g r i p s  because they shat-  
t e r e d  i n t o  many p ieces .  
With one except ion a l l  of t h e  tops  were s l i g h t l y  s t ronge r ,  
8 2  
8 2  A l l  o the r  samples 
Two TYCO f i b e r s  were t e s t e d  by t h e  same technique t o  determine 
whether t h e  t e s t i n g  procedure gave v a l i d  results. One broke a t  a g r i p  a t  
an apparent t e n s i l e  s t r e n g t h  of 21,000 p s i  (1.45 x 10 N/m ) and t h e  o t h e r  
away from t h e  g r i p  a t  a t e n s i l e  s t r e n g t h  of 169,000 p s i  (1.17 x 10  N/m ). 
To f u r t h e r  c l a r i f y  whether t he  t e s t i n g  technique w a s  responsible  f o r  t h e  
r e l a t i v e l y  low s t r e n g t h s ,  t he  P r o j e c t  Manager t e s t e d  a number of TYCO f i b e r s  
from t h e  same batch a t  room temperature. 
185,000 t o  200,000 p s i  (12.76 - 13,79 x lo8 N/m2).  
f i b e r s  from Batch 1 and observed t e n s i l e  s t r e n g t h s  of approximately 
95,000 p s i  (6.55 x 10  N/m ) compared wi th  74,000 p s i  (5.10 x 10 N/m ) 
measured a t  ADL. The r a t i o  between both sets of r e s u l t s  is  approximately 
1.3 s o  i t  appears t h a t  a bending stress w a s  introduced by t h i s  t e n s i l e  
t e s t i n g  procedure e 
8 2  
8 2  
These s t r e n g t h s  ranged from 
H e  also t e s t e d  ADL 
8 2  8 2  
Based on t h e  mic ros t ruc tu res  t h a t  have been analyzed, no realist ic 
c o r r e l a t i o n  can be  made between p o r o s i t y  and t e n s i l e  s t r eng ths .  Fiber  1-h 
2 (Figure 20) broke a t  72,000 p s i  (4.96 x l O % / m  ),  Fibe r  1-j (Figure 22) a t  
47,000 p s i  (3.24 x 10 N/m ),  Number 47 and 48 (Figure 23) which are vir- 
t u a l l y  po re f r ee  a t  60,800 p s i  (4.19 x 10  N/m ) and a t  82,500 p s i  (5.69 x 10  H/m ) 
r e spec t ive ly .  Many of t h e  f i b e r s  which exh ib i t ed  tensile s t r e n g t h s  i n  excess 
of 100,000 p s i  (6.89 x 10 N/m ) had pores  concentrated i n  planes simi 
t o  those shown i n  Figure 20. 
8 2  
8 2  8 2  
8 2  
It seems reasonable t o  conclude on t h e  b a s i s  of t hese  r e s u l t s  t h a t  
t h e  s t r e n g t h s  are l i m i t e d  by s u r f a c e  d e f e c t s  r a t h e r  than e x i s t i n g  bulk 
de fec t s .  Further  evidence t o  support  t h i s  conclusion is t h a t  f r a c t u r e  
su r faces  d i d  n o t  follow planes of pores.  It a l s o  should be  noted t h a t  
while  t h e  laser melted f i b e r s  were g la s sy  smooth over  l eng ths  of several 
diameters,  i nd iv idua l  sharp d e f e c t s  were observed on su r faces  of most of 
t hese  f i b e r s .  A l l  of t h e  f i b e r s  grown during t h e  program, as w e l l  as t h e  
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TYCO f i b e r s  which were made available, were f r e e l y  handled p r i o r  t o  t e s t i n g .  
No precaut ions  were talqen t o  prevent  abrasion so su r face  damage should be  
suspected.  
3. Resul t s  of Elevated Temperature Tens i l e  Tests 
F ibe r s  from Batches 14 ,  15,  16,  and 1 7  w e r e  t e n s i l e  t e s t e d  a t  e leva ted  
temperatures.  The samples were gripped i n  the  same manner used f o r  room 
temperature tests except t h a t  4 inch (10 cm) lengths  w e r e  used t o  remove 
t h e  epoxy j o i n t s  from t h e  h e a t ,  The furnace cons is ted  of an i n t e r n a l l y  
wound platinum furnace i n s u l a t e d  by high p u r i t y  BN backed wi th  f ib rous  
m u l l i t e .  
i nd ica t ed  temperature w a s  compared t o  t h e  maximum temperature wi th in  the  
c a v i t y  of t h e  f i r s t  and found t o  agree  wi th in  20°F ( l l °C) .  
w a s  no t  made i n  t h e  second u n t i l  t he  t e s t i n g  was completed and t h e  temperature 
d i f f e r e n c e s  were found t o  be 80°F (45°C) a t  2000°F (1095°C) and 200°F (110°C) 
a t  2400°F (1320°C). 
(1140 and 143OOC). 
as a func t ion  of temperature.  The l i n e s  connecting corresponding p o i n t s  
are f o r  purposes of i n t e r p o l a t i o n  only.  
2080°F (1140OC) w a s  72,000 p s i  (4.96 x 10 N/m ) f o r  Coors 995 (pink).  Room 
temperature t e n s i l e  s t r e n g t h s  f o r  t h e  4 inch (10 cm) t e n s i l e  specimen were 
Two furnaces  were used during t h e  high temperature t e s t i n g .  The 
This comparison 
The a c t u a l  test temperatures were 2080 and 2600°F 
The average measured s t r e n g t h s  are p l o t t e d  i n  Figure 24 
The h ighes t  s t r e n g t h  measured a t  
8 2  
2 96,700 psi (7.72 and 6.67 x 10 /m ) r e spec t ive ly  f o r  McDanel's 
These are wi th in  one s tandard  dev ia t ion  of t h e  AP-35 and Coors 995 (pink) .  
s t r e n g t h s  repor ted  i n  Table V I I  f o r  one inch gauge length  specimens. 
The r e s u l t s  of t h e  high temperature t e n s i l e  tests are cons i s t en t  wi th  
t h e  r e s u l t s  of our  room temperature measurements. 
shown t h a t  A1203 f i b e r  t e n s i l e  s t r e n g t h s  a t  200OoF (1095°C) drop by a f a c t o r  
of approximately four  from those  observed a t  room temperature (5) 
case, t h e  drop w a s  more n e a r l y  a f a c t o r  of two; however, t h e  d a t a  is  extremely 
l i m i t e d  i n  both cases, 'Ehe chromium doped materials (Coors 995 (pink))  i s  
c o n s i s t e n t l y  s t ronge r  than h igh  p u r i t y  M c B a n e l  AP-35 a t  e leva ted  temperatures.  
This may r e s u l t  from reduced d i s l o c a t i o n  mobi l i ty ;  however, s u b s t a n t i a t i o n  
o f  t h e  conclusion r e q u i r e s  a d d i t i o n a l  experimentation. 
Other measurements have 
I n  t h i s  
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V I .  SUMMARY OF RESULTS 
During t h i s  program s i n g l e  c r y s t a l  sapphi re  f i b e r s  have been grown 
by a f l o a t i n g  zone technique conceived by Arthur D. L i t t l e ,  Inc.  
The d e t a i l e d  shapes of s m a l l  molten zones between d i f f e r e n t  s i z e  
s o l i d  rods w a s  analyzed f o r  t he  f i r s t  t i m e .  The l i m i t s  of absolu te  
s t a b i l i t y  were defined and metas tab le  limits were defined f o r  s p e c i f i c  
examples. A kinematic  ana lys i s  showed f o r  the  f i r s t  t i m e  t h a t  t h e  tan- 
gent of t he  molten zone a t  t h e  s o l i d i f y i n g  i n t e r f a c e  tends t o  be  p a r a l l e l  
t o  t h e  d i r e c t i o n  of growth. 
dimensional uniformity.  
s teady  state zone volume tend t o  drop out  r a p i d l y  if the  zone he ight  
remains cons tan t .  
This  f e a t u r e  i s  important f o r  maximizing 
It w a s  a l s o  shown t h a t  pe r tu rba t ions  from t h e  
Poss ib l e  h e a t  sources  f o r  t h e  f l o a t i n g  zone f i b e r  growth process 
w e r e  assessed  i n  terms of list of c r i t e r i a  t h a t  were f e l t  important.  
Incandescent f i l ament  and C02 laser hea t  sources  were i d e n t i f i e d  as t h e  
b e s t .  The incandescent h e a t e r s  had temperature r e s t r i c t i v e  l i m i t a t i o n s  
b u t  were f e l t  t o  be  t h e  most amenable t o  mul t i - f ibe r  growth processes .  
C 0 2  laser h e a t  sources  combine a number of f e a t u r e s  which make them highly  
a t t r a c t i v e  f o r  an explora tory  program f o r  high temperature f i b e r s .  
On t h e  b a s i s  of t hese  ana lyses ,  f i b e r  growth experiments were i n i -  
t i a t e d  wi th  both types of hea te r s .  P y r o l y t i c  g raph i t e  was found t o  be 
t h e  b e s t  material f o r  incandescent h e a t e r s ,  both when r f  heated and 
convent ional ly  r e s i s t a n c e  heated. A l eased  10  w a t t  C02 laser w a s  used 
t o  demonstrate t h e  f e a s i b i l i t y  of using t h i s  h e a t  source f o r  t he  f i b e r  
growth process .  
on t h e  b a s i s  of t h e  analyses .  
Both hea t ing  techniques performed as w e l l  as a n t i c i p a t e d  
The q u a l i t y  of f i b e r s  which were produced w e r e  shown t o  be  h ighly  
s e n s i t i v e  t o  feed  rod materials, atmosphere, and phys ica l  process  con- 
d i t i o n s ,  Pore-free and h ighly  uniform f i b e r s  were produced under 
l i m i t e d ,  b u t  w e l l  def ined ,  condi t ions .  
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The su r face  roughnesses were not  q u a n t i t a t i v e l y  descr ibed nor  were 
f i b e r s  t r e a t e d  t o  avoid o r  e l imina te  su r face  de fec t s .  It is suspected 
t h a t  the  s t rengths ,which are somewhat lower than o the r s  repor ted  f o r  
s apph i re  s i n g l e . c r y s t a l s , a r e  l i m i t e d  by su r face  defec ts .  This conclu- 
s i o n  i s  cons i s t en t  wi th  o the r  repor ted  s t r e n g t h s  and f i b e r  t reatments .  
It is suspected t h a t  a bending stress w a s  induced i n  t h e  f i b e r s  during 
the  ' ' t ens i le"  tests which a l s o  lowered t h e  apparent  s t r eng ths .  
8 2  Tens i le  s t r e n g t h s  up t o  72,000 p s i  (4.96 x 10 M/m ) w e r e  measured 
These r e s u l t s  are a t  2080'F (1140'C) wi th  chromium doped A1203 f i b e r s .  
cons i s t en t  wi th  room temperature s t r e n g t h s  bu t  are lower than  the  
program's goa l  [100,000 p s i  (6.9 x 10 N/m ) a t  2000'F (lO9S0C)]. 8 2  
A l l  of t h e  goa ls  of t h e  program were m e t  wi th in  the  t i m e  schedules 
and funding l i m i t s  proposed, wi th  t h e  except ion of t h e  high temperature 
t e n s i l e  s t r eng ths .  
l i m i t e d  room temperature s t r eng ths .  
has  been demonstrated by o the r s  and post-growth su r face  t reatments  
e x p l i c i t l y  were no t  included i n  t h i s  program. 
This probably r e s u l t e d  from sur face  d e f e c t s  which 
The e f f e c t  of t h e i r  e l imina t ion  
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